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Abstract
Chromium oxide provides an inexpensive and practical means of increasing the

corrosion resistance of austenitic stainless steel in most environments. However,
the oxide is prone to dissolve in reducing acids and in chloride containing
solutions, which compromises the durability and effective operation of structures

made of austenitic stainless steel.

This research project explored the use of thin ruthenium surfiags @roduced

by ion implantation, RF sputtering and pulsed electrodeposition (PED) to improve
the corrosion resistance of AISI 304L austenitic stainless steel in reducing acids
and chloride solutions via a technique known as cathodic modification. The
properties of the alloyed 304L stainless steel were evaluated using a number of
tools including Xray diffraction (XRD), field emission scanning electron
microscope (FESEM), potentiodynamic polarisation, and electrochemical

impedance spectroscopy (EIS).

Preiminary tests in 1 M sulphuric acid showed that the ruthenium surface alloys
sufficiently raised the corrosion potential of 304L stainless steel to ranges where
the stability of chromium oxide is guaranteed. Surface alloys produced by RF
sputtering and PEDwere associated with the best corrosion resistance, and
protection efficiencies of at least 85%, but they spalled during corrosion exposure
rendering them unsuitable for corrosion application. The corrosion of the
ruthenium implanted surface alloys exioi a strong dependence on the surface
roughness of the stainless steel, with the least corrosion rates achieved on rough
304L stainless stesamplesmplanted with 18° Ru/cnf at 50 keV.

Corrosion characterisation of these ruthenium implanted surfaogs alvas

studied in various corrosive media including sulphuric acid, sodium chloride,
magnesium chloride and simulated fuel cell solutions. Their corrosion rates in
sulphuric acid decreased with increase in acid concentration, and exhibited non
Arrhenius ehaviour in the acid solutions; corrosion rates were unaffected by
increasing exposure temperature from 25 to 50°C. In 3.5 wt% sodium chloride,

addition of ruthenium via ion implantation changed pit morphology from



elongated to circular, indicating a dinshed tendency for pits to initiate at
manganese sulphide stringers. Corrosion rates of the ruthenium implanted
stainless steels in the simulated fuel cell solutions were at least 69% lower than
the target corrosion rate for use polymer electrode membrane fuel cells
(PEMFCs), thus presenting a possible practical application of ruthenium surface
alloyed austenitic stainless steel.
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Chapter 1
Introduction

1.1Background and motivation

Austenitic stainless steels are one of the most importanteslagsalloys ever
produced. First patented in 1912 (Pasel 1918), they contain chromium and nickel
as major constituents. Nickel promotes the stability of the austenite phase at room
temperature and affords austenitic stainless steels a unique set of psoJdrdy

are mostly corrosion resistant, have good weldability and formability, good
impact resistance down t@83°C and can resist scaling at temperatures as high as
1100°C (Dillion 1986; Kumar et al. 2002 These properties make austenitic
stainlesssteels indispensable in many applications such as in fuel processing,
pharmaceutical and food handling industries.

Corrosion resistance of austenitic stainless steels is based on passivity. Tomashov
(1964) defined passivity as a state of increased corrgsgistance of metals or
alloys caused by the selective control of the anodic process. In austenitic stainless
steels, selective oxidation of chromium forms a passive layer of chromium oxide
that is typically 35 nm thick (Olsson et al. 2003; Sudesh et24l06), adherent,
compact, selhealing and protective in many corrosive environments. Passivity
therefore provides an inexpensive and practical means of corrosion control on
austenitic stainless steel structures. However, the chromium oxide layer & pron
to dissolution in reducing acidic media such as dilute sulphuric acid, and in
solutions containing chloride species. This limits the application spectrum of
austenitic stainless stegnd compromises the durability and effective operation

of structuresnade of these alloys.

World-over, the use of stainless steel alloys increases at a rate of more than 5%
per annum, and far outweighs consumption of other engineering materials as
illustrated in Figure 4l(a) (ISSF 205). Austeniticstainless steels areethmost
recognised type of stainless steel, and account for more than 7% ahnual

stainless steel production worldwid@gigure 11(b)). Corrosion of metallic



structures costs industrialised countries an estimated 3% of the gross domestic
product (GDP)annually, and up to 5.2% of the GDP for developing economies
(Schumuki 2002; Lieser & Xu 2010). The South African economy, for instance,
loses at leasR130 billion per annum to corrosion, which is equivalent to about
4.5% of the GDP Mintek 2011; Statists South Africa 2016). As such, any
measures that can promote passivity and improve the corrosion resistance of
austenitic stainless steel in reducing acid and chloride containing solutions are

worth contemplation.

Cathodic modification is one way by whigassivity of austenitic stainless steels

in reducing acidic media and those containing chloride species may be stimulated
and sustained. Cathodic modification, also known as cathodic alloying, is a
technique that involves introducing active cathodes asgblatinum group metals
(PGMs) into a stainless steel alloy matrix. These cathodes reduce cathodic
polarisation by making the cathodic process kinetically easier, and substantially
shift the stainl ess merénebtelvadues whera stabls i o n
chromium oxide layer can easily form (Tomashov 1964; McGill 1990; Potgieter
et al. 1990), and corrosion rates are marginal.

Philip Monnartz first observed this phenomenon in 1911 onrétoomium alloys

either wound or alloyed with platinum (Moartz 1911). More than three decades
later, a Russian scientist named Nikon Tomashov and his colleagues developed
the concept of cathodic modification, extending it to titanium and chromium
alloyed with palladium, ruthenium amddium (Kolotyrkin 1977; Steicher1977;
Tomashov et al. 1984). They reported spontaneous passivation of these alloys in
acidic media, and recorded improvements in corrosion resistance by a factor of up
to 100.
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1.2Research problems

The relatively high cost of most PGMs has prompted increased research interest
on ruthenium, and examination of 62 journal articles in Figu2¢al confirmed

this. Numerous researchers have established that additions of ruthenium can
significantly improvethe stability of stainless steel alloys in reducing acidic
media and chloride containing solutions (Tjong 1990a; Potgieter et al. 1996;
Olubambi et al. 2009; Sherif et al. 2009a; Sherif 2012). Considerable success has
been achieved on duplex, ferritic asdper ferritic stainless steels, with Mintek
commercialising a variant modelled on super ferritic stainless steel and known as
Ruthalloy (Wolff 1999). However, as revealad Figure 12(b), the effect of
ruthenium on austenitic stainless steels has kagell overlooked. This, despite

the synergistic effect of ruthenium and nickel noted by some researchers



(Potgieter & Kincer 1991; Lekala et al. 2012), and the fact that austenitic stainless

steels are the most commonly used form of stainless steel.

Figure 1-2(c) shows that cathodic modification of stainless steel alloys is
frequently achieved by bulk alloying. Ruthenium melts at very high temperatures
of 2330°C and its melting is not only energy intensive, but also requires an inert
atmosphere to prevetite oxidation of ruthenium at temperatures above 800°C. A
further drawback of this approach to cathodic modification is that bulk alloying
uses substantial amounts of ruthenium, rendering such cathodically modified
stainless steel alloys quite expensivel énaccessible for wider application. This

is demonstrated by the fact that despite impressively low corrosion rates,
Ruthalloy is largely unknown decades after its commercialisation. Surface
alloying is undoubtedly a more economical way of introducingpenium to
austenitic stainless steel alloyBespite the practical and economic benefits
inherent surface alloys of ruthenium, this approach to cathodic modification

remains inadequately explored.

Up to now, surface alloying of austenitic stainless ste#l ruthenium has been
done mostly by laser surface alloying (Lekala et al. 2012; Van der Merwe &
Tharandt 2015) using ruthenium enriched metal powders. While this approach has
been considerably successful, poor alloying has been observed in most ¢ases, w
uneven distribution of ruthenium in the alloyed layer. This has led to inconsistent
and unpredictable corrosion behaviour. For instance, higher corrosion rates were
recorded on alloys that have higher ruthenium content, which is contrary to
expectation Tjong et al. (1997) observed similar compositional variability when
ferritic Fe-40Cr stainless steel was laser surface alloyed with ruthenium powder.
As such, it is necessary to explore alternative approaches of surface alloying

austenitic stainless stegith ruthenium.
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1.3Research aims and objectives

The aim of this research projettierefore, was to modify the surface properties of
austenitic stainless steel using ruthenium for improved corrosion resistance in
reducing acidic and chloride media. Focus was on employingh®esmal surface
alloying strategies to ensure an even distidvu of ruthenium and therefore

predictable corrosion behaviour.
Specific objectives of the study were:

1. To synthesise ruthenium alloys on 304L austenitic stainless steel using
three techniques, namely radio frequency (RF) magnetron sputtering, ion

implantation and pulsed electrodeposition (PED).



2. To determine the physicochemical properties of the modified surfaces, and
the influence of synthesis parameters on these using methods sueh as X

ray diffraction (XRD) and scanning electron microscope (SEM).

3. To use design of experiments (DOE), and similar statistical tools to
optimise synthesis parameters for each technique with the view of

producing surface alloys with maximum corrosion resistance.

4. To characterise and compare the corrosion behaviour of ttecsiafioys
in reducing acidic media and chloride media using, among other methods,
potentiodynamic polarisation and electrochemical impedance spectroscopy
(EIS).

5. To recommendpossible appliations for the ruthenium alloyed 304L

stainless steel

1.4Hypotheses
1. Corrosion is a surface dependent degradation mode. As such, the corrosion
resistance of austenitic stainless steel in chloride and reducing acidic

media can béncreasedy only enriching the surface with ruthenium.

2. Since cathodic modification prales sites that kinetically favour the
cathodic process, the corrosion resistance of the surface alloys on
austenitic stainless steel will not be compromised by discontinuities in the

films prepared by RF magnetron sputtering or PED.

3. During synthesis of # surface alloys, the initial interaction between
ruthenium and the austenitic stainless steel is on the surface. Hence, the
nature of surface preparation would play an important role on the
properties of the ruthenium surface alloys and thereforeené& their

corrosion behaviour.



1.5Delimitation of study

In addition to corrosion resistance, it is often desirable that surface alloys bear
good wear resistance properties. Although ruthenium is a known hardener that can
possibly impart appreciable wearistance to austenitic stainless steel, this study
did not consider the wear resistance of the proposed surface alloys. Austenitic
stainlesssteels and in particular 304 types are soft alloys rarely used in

environments where wear is the predominant modailofe.

1.6 Significance of study

Practical and economic benefits inherémtruthenium surface all@yare not a
widely explored subject. The present work therefore presented an opportunity to
expand current knowledge to include the corrosion behavaduaustenitic
stainless steel surface alloyed with ruthenium using RF magnetron, ion

implantation and PED.

The platinum industry generates about
inevitably, 1520 tonnes of ruthenium annually. Ruthenium is britgleen at
temperatures as high as 1500°C and very difficult to fabricate, thus it has limited
usefulness. Its global demand is diminutive as illustrated in Figigeahd its
potential as a revenue earner for South Africa is therefore not fully explohed. T
results of this study are expected to expand the potential of this metal and

stimulate further research into possible industrial applications.
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Figure 1- 3 Global demand for ruthenium compared to that for palladium ar
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platinum: 20162016 (adapted from Johnson Matthey B)1

1.7 Definition of terms
Reducing acid: These are acids whose cathodic activity is characterised by the
evolution of hydrogen according to Equatiod.1

2H" +2e- H, Equation 1-1

Chloride solutions: Refers to aqueous solutions that consist of chloride i@is
as the predominant anion. This definition encompasses hydrochloric acid although
it is a reducing acid.

Noble: This is the positive direction of an electrode potential otiag

increasingly oxidising conditions.

Cathodic efficiency: Represents the kinetic easiness of a cathodic reaction and

not faradaic efficiency (Tomashov 1964).

1.8Outline of thesis
In the present chapter, a description of the research problemivessas well as
the motivation and objectives of the study. The thesis compiisether chapters

whose contents are summarised in the following paragraphs.

Chapter 2 presents a review of relevant literature and seeks to align the present
study with exsting research. The principles of corrosion, cathodic modification

and the proposed surface alloying techniques are discussed in detalil.

Chapter 3 focuses on the experiments done to achieve the objectives of the study.
In addition, explanations on how theollected data were analysed for

interpretation is given.

Chapter 4 contains the results obtained in characterising thecaised 304L
stainless steel used in the study. In order to appreciate the impact of the proposed
ruthenium surface alloys, and tb@re qualify the success of this study, it was

essential to gain an intimate knowledge of stainless steel.



Chapter 5 is dedicated to presenting the results obtained during the synthesis of
the surface alloys. Attempts were made to optimise synthesisfisagons to

ensure the best and reproducible corrosion behaviour in dilute sulphuric acid.

Chapter 6 records the corrosion behaviour of the surface alloys produced by the
proposed techniques in different reducing acids and chloride solutions. The effects

of concentration, tempature, pH and exposure time weansidered.

Chapter 7 concludes the study by summarising the findings, contesting the
hypotheses proposed in Chapter 1 and recommending opportunities for further

research.

A bibliography of quoted eferences and resources consulted in this study is
presented at the end of the thesis. Work published from this study is listexd in th
Appendices sectionmmages of the equipment used in the experiments described in

Chapter 3 as well as some experimedtdh are also recorded in the Appendices.



Chapter 2
Literature review

2.1 Principles of corrosion

ISO 8044:2015 describes corrosion as the physical interaction between a metal
and its environment, which results in changes of the metal properties, and which
may lead to significant functional impairment of the metal, the environment or the
technical sysgm of which they form a part. It is essentially a surface degradation
mode and may be minimised by altering the surface properties of the metal.
Corrosion of metals in agueous solutions is an electrochemical piogessng

the coupling ofat least one raodic reaction coupled with at least one cathodic
reaction. The anodic reaction is always the oxidation of the ragt#lustrated by
Equation 21, where M is the corroding metalwhile the cathodic reaction
involves the reduction of some species in the environment. Typical cathodic

reactions are presented in Equatiors@hd 23.

M- M"™ +ne Equation 21
2H" +2e- H, Equation 22
O, +2H,0+4e- 40H" Equation 2-3

The flow of electrons as either the anodic or the cathodic osaptedominates,
gives rise taurrent. Anodic current flow,, induces a positive potential, whereas
cathodic current flowj., is associated with negative potential shift (Bagotsky
2006). This is illustrated in thechematic in Figur@-1. For electrical neutrality,

the Mixedpotential theory requires that the anodic and cathodic reactions occur at
the same rate, i.@4 is equalto i, and there is no net flow of current. The
requirement is satisfied at only a single point martkeal Figure 21. In corrosion
reactions, the current and potential at this point are identifieldo@a®nd Ecorr
respectively. It should be noted thaAbughthe balancing of different reactions

10



(e.g. Equations-2 and 22), brings about the zero net current during a corrosion

reaction, a true equilibrium is not established as neither reaction is equilibrated.

)

anodic

Potential (V)

cathodic

Icorr

¢

Logi (A)

Figure 2- 1 Schematic diagram combining the anodic and cathodic reacti
for a corroding system.

Ecorr In Figure 21 is corrosion potential, also referred to as open circuit potential
(OCP). It is a thermodynamic parameter, whigpresens the tendency of a
corrosion reaction to occur; it represents the electromotive or driving fotbe of
corrosion reaction (Warnet943). The parametdeo is the corrosion current.
When normalised by the area of the exposed surface, it is termed corrosion current
density, icorr, and is directly proportional to the corrosion rdBR as given in
Equation 24. In the equationK; is a constant with a value &27 x 10°

mm. g/ & A).ixdensity pf the corroding metal, aig is equivalent weight,
defined as the mass of metal that Wil oxidised by the passage of 1 Faraday of
electric charge (ASTM G1629(2010).

i
CR=K, C;” E, Equation 2-4

To study corrosion systems, it is common practise to maintain the metal at
potentials other thatkc. In this state, the metal is said to be polarised. The
concepts of corrosion thermodynamics, kinetics and polarisation are discussed

further in the subspient subsections.

11



2.1.1 Corrosion thermodynamics

Corrosion is a result of the second law of thermodynamicslalistates that any
isolated system will spontaneously progress in the direction of increasing disorder
or entropy(dS > 0)i.e. a system will react to minimise i&bbsfree energygp G

The inherent tendency of a metal to corrode in an aqueous solution can therefore
be described in terms gbp Gby Equation 25, whereE is the corrosion potential
measured with respect to a stard reference electrode,is the Faradagonstant

andn is the number of electrons exchanged during the corrosion reaétioen

g Gfor the corrosion reaction is positive, it is presumed that the possibility of the
reaction occurring is low if not nil. y8the same vein, the more negative the value

of gp Gthe greater the possibility for the corrosion reaction to occur.

DG =- nFE Equation 25

However, o Galone does not provide an indication of whether the corrosion
reaction will actually occur, nor the rate at which it will progress (Fontana 1986;
Bagotsky 2006). An example of this is the phenomenon of passivity. Passivity
occurs when the corrosion reactiis hindered despite a marked thermodynamic
tendency to occur. The value g Gfor reactive metals such as chromium and
titanium under oxidising conditiaris very negative, indicating that the corrosion

of these would occur spontaneously. The metalsedat rapidly initially, but
form insoluble passive oxide films, which significantly hinder the corrosion
reaction. This suggests that it is not sufficient to account for corrosion from a

thermodynamics viewpoint alone.

2.1.2 Corrosion kinetics

When the aodic and cathodic reactions in Figurd 2epresent the backward and
forward reactions of the same reaction, a true equilibrium is achieved. Under these
conditions, the net current is zerand the potential and current at which this
occurs are termed thequilibrium potentigl E°, and exchange current,, or

exchange current densitly, when normalised by exposure area respectively. The

12



exchange current density is the rate of oxidation and reduction reactions at

equilibrium, andt plays a significantole in the rate of corrosion reactions.

Figure 22 depicts the dissolution of a metal in a reducing acidic medium.
Increasing the exchange current density for the hydrogen reagtidor example

by increasing temperature or altering the propertieh®fmetal surface, would
cause an increase in the corrosion current density fi@gm to icor, and
simultaneously increase the value Kf,;. As shown in Equation-2, i iS a
function of corrosion rate: the higher the valuei gf, the higher thecorrosion
rate. By adjusting, of a corrosion reaction, it is therefore possible to control the

rate of corrosion.

(+)

Na
ED
s =M
E Ecn m2
E -
no_ Ecurﬂ
Eu
Ne
)
Log i (A)

Figure 2- 2 Evans plot for a metal dissolving in acid.

2.1.3 Polarisation

The value oficor cannot be measured directly as there is no net current flow at
Ecorr, Neither can it be established theoretically. To deterigiRethe potential of

the corroding metal in a given environment is deviated fiiggn by imposing an

external voltage. T deviation is called polarisation and the magnitude of

13



polarisationis called overvoltage, denoted §yn Figure 22. Overvoltage can be
either anodic ;) or cathodic ¢). For a corrosion reactionharacterised by a
single charge transfer controlled cathodic reaction and a single charge transfer
controlled anodic reactionic,r IS related to overvoltage by Bult®iolmer
relationshipin Equation 26 (Frankel 2008)b, andb. are the anodic and cathodic
Tafel slopes @spectively, determined as shown in Figurg, Zandiapp is the

applied currentiensity

2.3 - 2.3
[ [——

1- exp ) Equation 26

a Cc

Iapp = Icorr(eXp

From Equation &, it can be shown that slow corrosion reactions are associated

with high overvoltage, while low overvoltagalues are typical of fast reactions.

2.2 Corrosion of stainless steels

All stainless steel alloys depend on passivity for corrosion resistance. This
passivity is due to the presence of a chromium oxide film no thicker than 5 nm.
Although thin, the film $ sufficiently protective to render stainless steel alloys
corrosion resistant in most environments, including concentrated nitric acid,
where corrosion rates less than 0.01 mm/y have been reported (Whillock &
Worthing 2010). However, the chromium oxidéfiis susceptible to dissolution

in reducing acidic and chloride solutions.

In essence, the passive film consists of mixed oxides of iron and chromium. It is
not a rigid structure but constantly evolyass thickness and composition
changing depending oenvironmental factors such as solution type, pH, and
temperature as well as alloy composition. Increasing chromium composition from
12 to 25% in ferritic stainless steel, for instance, resulted in the formation of a
more resistant passive film in 1 M sulplt acid, with release of less soluble
products (Bojinov et al. 1999). Abreu et al. (2006) showed that air formed passive
films on AISI 304L and 316L austenitic stainless steels were 3 and 1.5 nm thick
respectively. The difference in thickness was attatiuo the differences in nickel

composition of the two alloys. Moreover, the air formed film had a higher Cr:Fe,

14



implying passive films mainly composed of chromium oxide, while the films
electrochemically formed in 0.1 M sodium hydroxide were predommatel
composed of iron oxides. Chromium tends to form an insoluble interlinked
chromium oxide network (Schumuki 2002), and the higher the concentration of

chromium the lower the rate of metal dissolution.

The stability of passive films is strongly dependentthe potential of the
environment. Figure -3(a) indicates the potential ranges of the species that
typically make up the passive films on stainless steel. At low anodic potentials,
corrosion products consist predominately of chromium (Il), and at morke nob
potentials (E >50 mV vs SHE or >200 mV vs Ag/AgCl), dissolution produces
chromium (Il1), iron (11) and (ll1). Trivalent chromium is responsible for passivity
via the formation of chromium oxide. As the potential increases above 800 mV vs
SHE ( anV @s0A@/AgCl), chromium (lll) is oxidised to soluble hexavalent
species, namely Ct® and CpO;%, resulting in an increased fraction of iron
oxides in the film. In acidic solutions, iron oxides are prone to chemical

dissolution and argherefore not mtective.

In typical potentiodynamic polarisation curves for stainless steels, passivity
manifests as a decrease in current density at a critical potdhtig{Figure 2

3(b)). Below this potential, stainless steel undergoes active dissolution as
indicated by the increase in current density. The ease with which passivity is
initiated is indicated by the value dfitical current densityic; the lower the
value, the easier it is for the metal to passivate in the environment of exposure.
Above Egi, the passive filmgrows onthe surface and increasingly retards

corrosion.
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Figure 2- 3 Typical polarisation curves for stainless steel alloys showing (a) potential rangessolving species, and (b) passivi
breakdown possibilities (adapted from Haupt & Strehblow 1995; Schmuki 2002).
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Passivity is established above passivation poteBgial where the entire surface

is presumably covered witthe passive layer. In the passive region, current
density is independent of potential and metal dissolution is significantly inhibited.
At very positive potentials, particularly those close to oxygen evolution potentials,
depassivation occurs and the medasolves uniformly over the entire surface.
This transpassive behaviour is identifiable by a sudden increase in current density
at high anodic polarisation. When transpassike behaviour occurs at potentials
way below oxygen reduction potentials, itimglicative of pitting. In such cases,

current transients may be observed, pointing to metastable pitting.

2.2.1 Corrosion of 304 austenitic stainless steel

Type 304 stainless steels a@id solution alloys in which iron, chromium, nickel

and carbon areompletely miscible. Solid solution alloys usually exhibit better
corrosion resistance than multiphase alloys such as duplex stainless steel, which
are susceptible to galvanic coupling and compromised corrosion resistance.
Nonetheless, 304 stainless steeannot provide serviceable performance in

reducing acids and tend to experience pitting corrosion in chloride environments.

Corrosion in reducing acids
Corrosion of metals in reducing acidic media is supported by the cathodic
evolution of hydrogen as p&quation 22. The reaction is proposed to occur via

three consecutive steps listed in Equatiofrst@ 29 (Bagotsky 2006).

H"+&- H,_, (Discharge/ Volmer step) Equation 27

2H H, (Recombination/ Tafel step) Equation 28

ads ~
H*+H_,+€- H,(Evol uti on/ Heyr ovEgkdion2® e p)

Any of these steps can be rate determiniagd it depends on the hydrogen
overvoltage of the corroding metal. For metals suclplasBnum group metals

(PGMs that have low hydrogen overvoltage and possess high adsorption capacity

17



for hydrogen, the recombination step is rate determining, whereas for metals such
as mercury and lead, that have high hydrogen overpotefBadgotsky 2006)and

are almost incapableof adsorbing hydrogen, the discharge step is rate
determining. As stated in Section 2.1.3, high hydrogen overvoltage is associated

with slow rates of reaction.

At high overvoltage, the equilibrium in Equatior22vould lie to the left and the
corresponding corrosion potentialould lie mostly in the active region of the
polarisation curves in Figure2 where nofprotective chromium (ll) species are
thermodynamically stable. While chromium does not significantly affect the
hydrogen oerpotential of iron(Ezaki et al. 1993)Figure 24 shows that alloying

with nickel results in a substantial increase in hydrogen overpotential. As such,

austenitic stainless steels will corrode unabated in reducing acids.

Austenitic stainless steels ar@mcompatible with hydrochloric acid at all
concentrations. Corrosion of 304 grade stainless steel in this acid is characterised
by the absence of passivation and is associated with steady anodic dissolution.
Passivation in hydrochloric acid is hindered hg tombined effect of chloride

and hydrogen ions, leading to a marked increase in rates of dissolution.
Hydrochloric acid is also known to support pitting corrosion of 304 austenitic
stainless steel as shown in Figur8.2This form of corrosion is mosthssociated

with chloride ions and is discussed further in succeeding subsections.

Figure 26 summarises the corrosive nature of sulphuric acid and its dependence

on concentration. At concentrations | ess
predominately entains water which facilitates its dissolution into hydrogen,
bisulphate and sulphate ions (Dillion 1986; Richardson 2010). These acid
solutions are inherently reducing and will rapidly corrode stainless steel at all
temperature However, 304 stainlessegl alloys exhibit increased tolerance for
concentrations greater than 70 wt% (a1ilz2
acid solutions are essentially free of water, with a large concentration of
undissociated sulphuric acid molecules. Sulphate ionsotlanitiate pitting and

304 stainless steel is unlikely to experience pitting corrosion in sulphuric acid.
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Figure 2- 4 Hydrogen overpotential for iron based alloys measured in 1 N
sulphuric acid at 303 Kand different current densities (Ezaki et al. 1993).

Figure 2- 5 Conventional polycrystalline 304 stainless steel after 30 days ¢
immersion in 0.5 M hydrochloric acid at room temperature (Wang et al. 20:

Other reducing acids in whictie corrosion resistance of 304 stainless steel is
compromised include phosphoric, formic and acetic acids. Low concentrations of
phosphoric acid are particularly harmfaind despite good laboratory data, 304
type stainlessteel have been observed to perform poorly in service environments
containing this acid (Dillion 1986). Organic acids are generally weaker than
inorganic because they are only slightly ionised. However, corrosion rates as high
as 1.3 mm/y have been assoetatvith type 304 stainless steel in 50 wt% acetic
acid and 80 wt% formic acid (Fontana 1986).
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Figure 2- 6 Effects of concentration and temperature on the corrosion rate
annealed type 304 stainless steel in deaerstéohuric acid. Corrosion rates
calculated from losses of weight (adapted from Phelps & Vreeland 1957

Corrosion in chloride environments

Corrosion of austenitic stainless steel in chloride solutions is primarily due to the
chloride ions. These ions asmall and have high diffusivity as illustrated in Table
2-1, enabling them to penetrate through the passive chromium oxide film on
stainless steel with ease (Galvele 1981; Ibrahim et al. 2009).

Table 2- 1 Conductivity andliffusion coefficients of selected ions at infinite
dilution in water at 25°C (Roberge 2000; Revie & Uhlig 2008).

Conductivity
Species (S.cm2.mol’) Diffusivity x 10° (cm2.s%)
H* 349.8 9.30
OH 197.6 5.25
CI 76.3 2.03
HSOy 50.0 1.33
SQ? 160.0 1.06
O, - 2.26
H,O - 2.44

Several theories have been forwarded to describe how the chloride ions penetrate
the passive film on stainless steel alloys. The Okide theory postulates that

chl oride i1ions collodially disperse i
permeability ly preventing its repair (Revie & Uhlig 2008). The inability of
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stainless steel alloys to repassivate is due to localised acidification of the metal
surface as per Equation1®, which breaches the integrity of the passive films at

localised areas.
Fe’* +6H,0- Fe(H,0)% Equation 210

According to the Adsorption theory, chloride ions are preferentially adsorbed onto
the metal surface in competition with dissolved oxygen (Taklg 2nd once in
contact with the metal surface, hydrolyse the metal ions as presented in Equation
2-10. The esult isanincreased exchange current density for the iron oxidation
reaction, and consequently the ease with which the iron ions @etesotution
(Schmuki 2002; Revi& Uhlig 2008).

Cathodic activity in chloride solutions depends on the nature of hlwide.
Corrosion in neutral chloride solutions such as sodium chloride is supported by
the reduction of oxygencaording toEquation 23. Hydroxide ions thus produced
may react with iron (Il) ions produced anodically, to form a film of ferrous
hydroxide. The film is, in most cases, adherent and may provide an effective

diffusion barrier resulting in retarded corrosion rates.

Cathodic activity in acidic neoxidising chlorides such as ferrous chloride and
magnesium chloride occurs by combined hydrogen utoni and oxygen
reduction (Dillion 1986; Revie & Uhlig 2008). The increased demand for
electrons resulting from the increased total reduction rate implies high anodic
reaction rates. Corrosion in this type of chloride solutions is therefore
characterisedy high rates. Oxidising chlorides can either be corrosive or be
passivators. They can sufficiently polarise a corroding system to noble potentials.
A typical example of an oxidising chloride is ferric chloride, in which the cathodic

activity involves thaeduction of ferric ions as in Equatiorl2.

Fe** +e- Fe” Equation 211
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Figure 2- 7 Micrograph (350x) of 304L stainless steel exposed to 2.5 \
sodium chloride at +400 mV vs SCE for 10 minutes (Ibrahim et al. 20(

Corrosion of 304 austenitic stainless steel in chloride solutions is characterised by
pitting. This is a form of extremely localised and insigi attack, which leads to

the perforation of the metal as shown in Figures @&d 27. Pitting in chloride
solutions is autocatalytic; initial dissolution conditions are established which
stimulate further dissolution (Schmuki 2002). The dissolutiorhefmetal within

the pit tends to produce an excess of cations. To maintain electrical neutrality,
chloride ions migrate from the solution into the pits where they hydrolyse the
metal (Equation A0), causing a significant drop in pH. The low pH prevents
repassivation of the metal, thus propagating pit growth. This is illustrated in
Figure 28. In addition to pitting, 304 stainless steels are particularly susceptible

to stress corrosion cracking (SCC) in magnesium chloride.

o (&

Chloride solution
Cathodic l \

Passive film
F 2+
"

e

Anodic Metal

Figure 2- 8 Autocatalytic processes occurring in a pit (adapted from Fontana 19¢
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2.3 Cathodic modification

In 1948, Nikon Danilovich Tomashov (Figure9gb)) and ceworkers proposed

and developed the concept of cathodic modificatithey postulated that in order

to achieve the transition of a system into a passive state, and consequently lower
its corrosion, it is necessary, if one rules out the possibility of pit formation or
transpassive corrosion, to seek increased cathodweesity (Tomashov 1964).
Since then, numerous researchers have contributed to the development of the

concept.

In South Africa, Mintek and the University of the Witwatersrand have been at the
forefront of research on cathodic modification, with much focusalboying
stainless steel with ruthenium. The research, in corroboration with local platinum
producers, led to the commercialisation of a variant of these alloys under the trade
name Ruthalloy, which is based on the super ferritic stainless steel Fe29Cr4Mo
and has additions of 0.2 wt% ruthenium. Although the alloy showed remarkable
corrosion resistance in aggressive media, its use has only been limited to pump

components such as impellers.

(b)

Figure 2- 9Pioneers otathodic alloying (a) Philip Monnartz (Simcoe 2015) a
(b) Nikon Danilovich Tomashov (Kolotyrkin 1977).
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2.3.1 Requirements for cathodic modification

Passivity can be induced in an alloy by addition of metals having high cathodic
exchange current densityuch as PGMs, if the passive region of the alloy extends
to potentials that are more negative than the redox potential of the environment
(Potigieter et al. 1990). This is the fundamental principle of cathodic modification

and is illustrated in Figure-20.
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Figure 2- 10Hypothetical polarisation curve showing the influence of cathoc
modification (adapted from Tomashov 1964; Potgieter et al. 199@)epicts the
cathodic process at different efficiencies:iffaster than R

Case 1

The cathodic efficiency dR; is smal| and the cathodic curve intersects the anodic
curve at poinfA in the active region (see Figure32. In this casekpassof the alloy
is nobler than the potential of the environmd®Rf. Under such conditions,

passivation will not be established and the alloy will undexivecorrosion.
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Case 2

The cathodic efficiency dR; is relatively higher than that &. In this case, the
success of cathodic modification will depend on the sid..ii. Whereig;; is less

than the current of the cathodic reactin for exampldii;, then the anodic and
cathodic curves will intersect at poidt in the passive region. The system in such

a case will be in a state spontaneous stablgassivity When such a system is
disturbed, it will spontaneously return to a passive state. Corrosion rates of this

system are marginal and equivalentytgs

However, wherd; is greater than the current of the cathodic reaction such as
icritz, thenthe anodic and cathodic curves will intersect at pdnts andD. These
conditions present two possibilitiepassive or activeAt noble potentials, the
system will passivate, but actively corrode at lower potentials. The corrosion

behaviour of such system is unpredictable and undesirable.
Case 3

In the third case, the cathodic efficiencyRyis very high such that the anodic
and cathodic curves intersect at pdiin the transpassive or the pit formation
regions These conditions have detriment@dnsequences, either resulting in

increased dissolution rates or pitting corrosion.

Based on this, the requirements for successful cathodic modification may

therefore be summarised as:

1. A wide passive region i.€pssmust be sufficiently negative arftkans be
sufficiently positive.
2. A sufficiently low value ofi .

2.3.2 Mechanism of cathodic modification

Cathodic modification presumably inhibits corrosion in two ways. Firstly, the
active cathodes reduce cathodic overpotential thereby increasiefithency of

the cathodic process. PGMs, for example, catalyse hydrogen evolution from

reducing acidic solutions (Equatior22, thereby increasing the efficiency of the
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process. Secondly, the alloying elements act as blocking agents that decrease the
andic dissolution of the metal by blocking the active sites in the crystal lattice of
the host metal (Tomashov et al. 1984).

During exposure, selective dissolution of the base alloy leads to surface
enrichment of the active cathodes (Pickering 1983), thuseasing their
availability for corrosion processes. The rate at which the active cathodes
accumulate on the surface, and therefore facilitate improved cathodic efficiency
naturally depends on their concentration. Tomashov et al. (1970) exposed
palladium #oyed Fe25Cr6Ni stainless steel to 10% sulphuric acid at 100°C. The
corrosion potential of the stainless steel with 0.1% palladium could not Egach
(Figure 23(b)) and the alloy remained active. Partial passivation was observed on
the alloy with 0.2%palladium, and this was attributed to increased rate of
palladium enrichmerin the surface. Increasing paliam content to 0.5% caused

a shift in potential into the passive region, resulting in spontaneous passivation. It
follows therefore that increasy the concentration of active cathodes in a metal
matrix would induce passivity, yet care should be taken not to exceed transpassive

or pit formation potentials.

In stainless steel alloys, PGMs decrease the dissolution of chromium and iron, and
increasethe likelihood of forming a stable passive layer. Myburg anevodkers
(1998) used auger electron spectroscopy (AES) to study the composition of the
passive film on Fe22Cr9Ni3Mo duplex stainless steel alloyed with 0.3 wt%
ruthenium and exposed to 1 M shipic acid. Their results revealed that the
presence of ruthenium increased the surface concentratidwashicim Delport

and Roux (1986) reported similar observations when they subjected high chrome
stainless steel (Fe40Cr) alloyed with small additiofspalladium to a heat

treatment regime.

2.3.3 Cathodic modification with ruthenium
Ruthenium has generated a lot of interest as a metal of choice in cathodic
modification of stainless steels because it is by far the cheapest of the PGMs. In

addition, rutenium forms alloys with most metals, except gold, lead and silver,
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and has better corrosion resistance in hglliaric acid than rhodium, patlaum
ard platinum (Llopis et al. 19§6Potgieter (199) attributedthese observations to

several factors some wfich are:

1. Ruthenium haslower hydrogen overpotential than most PGMs. This
enables ruthenium to reduce the overvoltage for cathodic evolution of
hydrogen of stainless steel more efficiently. In fact, the effectiveness of
PGMs in improving corrosion res@ice in sulphuric acid dn

hydrochloric acid decreases in the order

Ir>Rh >Ru > Pd > Os

2. Ruthenium can adsorb oxygen, form oxides and thus enter the composition
of the hydroxide or oxide layer formed on the surface of the stainless steel.
Thisincreases resistance against the action of chloride ions. Palladium, for
instance, remains a separate metallic phase in the surface layer and doe

not impart pitting resistance.

In reducing acids

The influence of ruthenium on the corrosion of stainlessl stlloys in sulphuric

acid is summarigkin Figure 211. Ruthenium increases the efficiency of the
cathodic process by lowering hydrogen overvoltage and consequently shifting the
corrosion potential towards the passive region. In addition to this, rutheran
reduceiqi, increasing the ease with which passivation is achieved. This is
desirable to establish stable spontaneous passivity. An effect that is perhaps
unique to ruthenium is its ability to reduggssto significantly low values. When

the carosion potetial is in the passive regimedmt D in Figure 210), corrosion

rates are equivalent tigass hence, the lower the value @fiss the lower the

corrosion rate.
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Figure 2- 11Effects of ruthenium on thgolarisation characteristics of FeCr
stainless steel in sulphuric acid (adapted from Potgieter 1991).

Table 22 shows the effect of ruthenium on a variety of stainless steel alloys
exposed to sulphuric acid. These data confirm that the presemgthehium in
stainless steel does indeed redLcerrosion rates andq; values in sulphuric acid
regardless of the test temperature, indicating an increased ease of passivation. The
observations made by these investigators are consisténtttve schemiz in

Figure 211. Increase in temperature generally resulted in increased attack of the
ruthenium alloyed stainless steel, and the effect was apparently less detrimental at
lower concentrations of the acid.

Work done by Sherif and colleagues (2009a) skeb¥hat introducing ruthenium
into a duplex stainless steel alloys increased corrosion resistan@e M
hydrochloric acid. The increase in the radii of the Nyquist semicircles shown in
Figure 212 either isrelated to the thickening or increased stabiityhe passive

film formed on the duplex stainless steel, pointimé¢nigher corrosion resistae.
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Table 2- 2 Comparison of results for the corrosion of ruthenium alloyed stainless steels as reported by different investigatorsim st
acid. # denotes information not supplied by the authors.

Corrosion rate Acid Temperature
Alloy (mmly) icrit (A/cm?) concentration (eC) Reference
Fe22Cr9Ni3Mo 0.752 1.20E4
Fe22CroNi3Me0.14Ru 0.672 9.20E5 Room
Fe22CrI9Ni3Me0.28Ru 0.431 7.50E5 10% temperature Sherif 2011
Fe29Cr2Ni4Me0.05Ru 0.0967 # Olubambi et al.
Fe29Cr2Ni4Mae0.20Ru 0.0524 # 1M 25 2009
Fe22CroNi3Mo # 2.50E3
Fe22CroNi3Me0.22Ru # 3.00E4 Pouieter et al.
Fe22CroNi3Me0.28Ru # 2.00E5 40% 55 1995
Fe29Cr14Ni3Mo 0.2900 #
Fe29Cr14Ni3Me0.28Ru 0 # 25
Fe29Cr14Ni3Mo 1.2420 #
Fe29Cr14Ni3Me0.28Ru 0.0276 # 55
Fe29Cr14Ni3Mo 405.1 # Potgieter&
Fe29Cr14Ni3Me0.28Ru 0.695 # 50% 90 Brookes 1995
Fe21Crl1Ni 0.098 4.29E2
Fe21Cr1Ni0.15Ru 3.19E5 6.79E5 25
Fe21Crl1Ni 1.29E3 2.04E3 Olaseinde et al.
Fe21Cr1Ni0.15Ru 3.61E3 2.30E4 1M 80 2012

29



However, the presence of inductive loops at low frequencies points to adsorption
processes at the meglectrolyte interfaces, which could be the adsorption of H
and CI, both of which have detrimental consequences suctisaslution of the
passive film and pit formation. Prolonged testould have given results that are

more conclusive in this regard.

2
£'/Qem

Figure 2- 12Nyquist plot for Fe22Cr9Ni3Mo duplex stainless steel alloyrid
(1) 0%, (2) 0.14%, (3) 0.22% and (4) 0.28% ruthenium immersed in 2 M
hydrochloric acid for 1 hour (Sherif et al. 2009a).

In chloride environments

The primary mechanism of corrosion attack in chloride media is pitting (Section
2.2.1). There exists a characteristic potenkgl,(Figure 23) above which pitting

will definitely occur. The degree of pitting resistance can therefore be inferred
from vdues of E,;, and elements that can shl,: to nobler values have
beneficial effects on pitting resistance. Although cathodic modification by
ruthenium and other PGMs has been largely discussed with reference to acids,
Sherif et al. (2009b) reported m@sedEy: on stainless steels alloyed with
ruthenium and exposed to chloride solutions.

Increasing ruthenium from O to 0.28% shifté&g; of 22CrONi3Mo duplex
stainless steel in 3.5 wt% sodium chloride from 5 mV to 150 mV vs Ag/AgCl.
This shows a reduce@ndency to pitting with additions of ruthenium. In some
cases, the probability of pit initiation was reduced to zero by alloying with
ruthenium. Similar observations were made in a separate study, the results of

which are presented in Figurel3. The alsence of a hysteresis loop on the cyclic
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polarisation curve for duplex stainless steel with 0.3% ruthenium indicates that
pitting did not occur in 0.6 M sodium chloride.
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Figure 2- 13Cyclic potentiodynamic polarisatiacurves for 2209 duplex stainless
steel containing (1) 0% Ru and (2) 0.3% Ru in 0.6 M sodium chloride (Sherif 2(

2.4 Surface alloying

Surface alloying involves altering the surface properties of a metal independent of
the bulk properties. It allowsgor the modification of relatively inexpensive
substrates with small amounts of more expensive alloying elements. Since surface
alloying can be limited only to those surfaces exposed to corrosion attack, it is
more cost effective than bulk alloying. Witbrse surface alloying processes such

as ion implantation, it is possible to form any alloy regardless of their miscibility:
for example implanting alumina with iridium and silver for biomaterials (Jagielski
et al. 2006). In addition, surface alloying makgsossible to exceed the solubility
limit of the alloying elements. For instance, steel can beeadloyith up to 1 wt%
nitrogen by traditionametallurgical processes, whereas up to 15 wt% nitrogen

can be introduced by surface alloying (Ri&uczynska2004).

2.4.1 Classes of surface alloys
Considering a binary system @{/B, where A are the atoms of the alloying
element and are those of the substrate, two types of surface alloys are possible.

These are illusttad schematically in Figure 24.
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Figure 2- 14Schematic of two possible surface alloys for a binary alloy syst
A/B (adapted from Hoster 26}

Type | surface alloys

Type | surface alloys involve placing the alloying element ortdpenost surface
layer of the substrate, which eliminates the need for relieving strain effects that
occur when an atom is introduced into the lattice structure of the host alloy. Thin
films and coatings are examples of this type of surface alloys. This fare
materials created abito by the rmdom process of nucleation aodgrowth of

individual condensing atoms orsabstrat€Canli 2010)

The usefulness of thin films hinges on their ability to adhere onto the substrate.
ASTM D907-15 defines adhesio as the state in which interfacial forces, which
may consist of valence forces, interlocking forces or both, hold two surfaces
together. This implies that adhesion of thin films and coatings is influenced by the
structure of the interfacial region. Ohrin@002) deseribed four types of
interfaces: abrupt, compound, diffusion and mechanical interfaces. Abrupt
interfaces arise when there is no interaction between the atoms of the film and
those of the substrate. This is typical of eutectic alloy systemsniQkaet al
2004), and imnscible systems such as cadmiwon, gold/carbon and
silver/copper shownn Figure 215.

Adhesion may be achieved by interlocking of the film into cavities, pores and
asperities of the substrate, creating a mechanical interface. Increasing interfacial
contact, for example by roughening the surface of the substrate, has the effect of
enhancinghe adhesive strength of this type of interface. Fracture propagation on
a rough interface is relatively more difficult as the fracture must frequently change

direction or pass through stronger regions (Mattox 1973). However, care must be
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taken that therare no voids between the contacting surfaces as this may have a

negative ifluence on adhesion (Figurel).

_g o

Silver film

Figure 2- 15Silver film electrodeposited on copper foil showing aspects o
mechanical and abruphterface (Okamoto et al. 2004).

Elements or metals that are mutually soluble in all proportions will form a
diffusion interface, thus promoting good adhesion. The mobility of the atoms
across the interface is very important and may lower adhesion tstrélibere
atomic mobility is sufficiently different and the flikion rate of one type of atom

is faster in one direction, then voids may form at the interfacial zone due to the
Kirkendall effect (Mattox 1973). The presence of voids at the interface is not

conducive to good adhesion because it allows for easy propagation of fractures.

At times, theinteracting film andsubstrate atoms resutt chemical reactions and
the formation of compounds or intermetallics resulting in a compound interface.
This is typical in cases whereby there is little diffusion between the reactive
atoms. Fabrication of oggnactive Type | surface alloys on oxide substrate
results in the formation of an oxide interface. The formation of compounds is
usually accompanied by volumetric changes, which generate high stresses (Ohring
2002). As such, the adhesistrength of a copound interface depends largely on
the size of these interfacial compoundsthéy werethin, adhesion would be
generally good, but poorer if thicker layers form, since the formation of thicker
interfacial compounds results in the development of higlluasistresses (Mattox
1998). The formation of microracked brittle intermetallics in the interfacial zone

can also lead to poor adhesion.
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Type Il surface alloys

The main advantage of this type of surface alloys over Type | is that there is no
risk of deadhesion and therefore compromised performance of the modified

surface. In Type Il surface alloys, the alloying element atoms are incorporated

into the subsurface of the substras illustrated in Figure 24.

Depending on the type of fabrication process, this may result in volume expansion
of the initial lattice structure, precipitation of new phases or compounds,
amorphisationof near surface layers and the introduction of defects and defect
clusters. The useless of Type Il surface alloys is therefore related to the nature
of the fabrication process. For instance, conventional plasma nitriding results in
the formation of a nitride layer very close to the surface, which slows down
further ingress of nitroger®©On the other hand, plasma ion implantation uses high
energy to pump nitrogen well into the surface at rates that do not allow sufficient
time for significant nitride precipitation near the surface (Collins et al. 1994). The
presence of high nitride condesttion at the surface of austenitic stainless steel
alloys may be ideal for wear resistance, but not necessarily so for corrosion

resistance due to chromium depletion in nitride formation.

2.4.2 Corrosion control by surface alloying

Corrosion is essentlg a surface dependent degradation mode. As such, surface
alloying may significantly reduce the corrosion of metallic structures. In corrosion
applications, Type | surface alloys function by providing a physical barrier to
isolate the metal from the comiwe environment thus interrupting the
electrochemical reactions discussed in Section 2.1. If the surface alloy is more
electropositive with respect to the substrate, it should be free of pores, or similar
throughthickness defects to avoid a high cathadede area ratio, which can lead

to localized corrosion of the substrate (Walsh et al. 2008). Some surface alloys
such as zinc in galvanised steel and magnesium on steel offer sacrificial

protection.
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Surface alloying of austenitic stainless steels
Table 2-3 summarises some of the surface alloys used to retard the corrosion of
austenitic stainless steel alloys

Table 2- 3 Elements and techniques used to improve corrosion resistance (
austenitic stainless steel alloys.

Stainless | Alloying | Application Test
steel alloy | element | technique environment Reference
Abreu et al.
304L N ion implantation | NaOH and NaCl 2008
reactive magnetro Padhy et al.
304 Ti, Oy sputtering HNO; 201l1a
laser surface H2SOy with Yang et al.
304 - melting KCN 2008
Kim & Woo
304 Zn, Al thermal spraying | sea water 2010
Zand et al.
304L Ce dip coating NaCl 2012
DC magnetron simulated body | Subramanian
316L Ti, Al, N | sputtering fluid et al. 2010
cathodic arc and Escalada et al
316L Ti, N ion implantation | NaCl 2013
Abreu et al.
304L Ce ion implantation | NaOH 2002a

Numerous researches have studied surface alloying of austenitic stainless steels
with nitrogen (Flis et al. 2004; Cano et al. 2006; Fossati et al. 2006; Padhy et al.
2010). Using nitrogen is reasonalilee toits ability to stabilise the austenite
phase, mprove wear resistance and pitting resistance according to the pitting
resistance equivalent (PRIt in Equation 212. The improvement in wear
resistance is due to the precipitation of chromium nitride particularly at
temperatures above 500°C. However,idérprecipitation depletes chromium in

the matrix and compromises corrosion resistance.

PREN = 9%Cr + 3.3(%Mo) + 30(%N) Equation 212

Elements such as yttrium, titanium, cerium and lanthanum have a high affinity for

oxygen and form stable passivating oxides that can retard anodic dissolution. This

35



is similar to the effect of chromium in stainless steel. Titanium and cerium based
surfacealloys have been analysed in oxidising acids, neutral chlorides such as
sodium chloride and in alkaline solutions (Chou et al. 2001; Ibrahim et al. 2002;
Abreu et al. 2002b; Padhy et @011a; 2011b, yet this hasnot been done in
reducing acidic media.t lis possible that, like chromium oxide, the oxides of

cerium and titanium are unstable under these conditions.

The use of base metals such as zinc, nickel and molybdenum for surface alloying
austenitic stainless steels seems attractive from a cost goumtve. This has
prompted research into these surface alloys (Wang et al. 1994; Saidi et al. 2015).
However, these base metals have significantly drigtydrogen overpotential
(Ezaki et al. 1993; Roberge 2000), and cannot be successfully applied imgeduci
acidic media. In addition, the effectiveness of molybdenum is debatable. From
Equation 212, molybdenum plays a significant role in the pitting resistance of
stainless steel. However, hexavalent molybdenum oxide dissolves at potential
well below oxygerevolution and molybdenunV/() oxide in particular is soluble

in acidic electrolytes (Olsson et al. 2003). The presence of molybdenum (VI) may
destabilise the passive film on stainless steel and compromise corrosion resistance

of the alloy.

Surface cathoét modification

The interest in surface cathodic modification is prompted by efforts to make
cathodically modified stainless steels alloys more cost effective and accessible for
wider application. Potgieter et al. (1992) prepared two ruthenium alloyedl 220
duplex stainless stezlone produced by vapour deposition and the other by
vacuum smelting. The results showed that while the bulk alloyed sample recorded
the lowestpassandicor, the corrosion performance of the two alloyed samples was
very alike. Tomashov and colleagues (1980) also reported similar conclusions on
titanium, chromium and stainless steel alloys surface and bulk alloyed with
palladium and exposed to hydrochloric and sulphuric acid solutions at different
temperatures. Several researchege since contributed to the subject to cathodic
surface alloying extending interest to other surface alloying techniques such as ion
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implantation (Tjong & Chu 2007), and laser surface alloying (Tjong et al. 1997,
Lekala et al. 2012; Van der Merwe & Thadt 2015).

2.4.3 Surface alloying strategies

Surface alloying can involve an overlay or a surface modification process. In an
overlay process, the alloying material is added to the surface such that the
substrate is covered and undetectable on sbdace, whereas a surface
modification process changes the properties of the surface and the substrate
remains detectable on the surface (Mattox 1998). TaldleslRows a number of

common techniques used to fabricate surface alloys.

Table 2- 4 Technologies for surface alloying (adapted fromttida 1998.

Overlay processes

Surface modification processes

Magnetron sputtering

lon implantation

Electroplating Shot peening
Thermal spraying Anodizing
Cladding Nitriding
Chemicalvapour deposition Carburizing

lon implantation

lon implantation is dow temperature techniquevhich offers the ability to alloy

any element into the near surface region of any metal regardless of their
miscibility. It modifies only the subsurface regions that are less than 1 um from
the surface (Suda et al. 2002), alloying it and imparting imgatgaroperties to the
substrate. Although ion implantation was initially used for doping semiconductors
for electronic application, the technique has attracted considerable interest in the
field of corrosion in recent yeardhe frequent useof ion implantdion in
corrosion application islemonstratedn Table 23. Nitrogen ion implantation in
particular has received the most attention, and was demonstrated to give stainless
steel alloys appreciable resistance in nitric acid, chloride and alkaline solutions
(Lei & Zhu 2005; Cano et al. 2006; Abreu eta al. 2008; Padhy et al. 2010). Not as

37



much has been done on ion implantation of PGMs, with Tjong and colleagues
(1989; 2007) working on ruthenium implantation of high chromium stainless steel

alloys.

The schemati in Figure 216 shows the basic components of an ion implanter;
namely an ion sourcewhich may be solid or gaseqQus magnetic separator,
accelerator and the substra®asma is generated via any of the following means;
helicon plasma source, capacitaty coupled plasma source, metal vapour arc or
DC glow dischargePlasma thus formed is drawn out of the ion source chamber
using an extraction voltagand propelled at energies of up to 50 keV to the mass
separator. The magnetic field of the separa@dijusted to preferentially bend the
beam of the desired ions: heavier ions will not bend, while lighter ions will be
strongly pulled by the magnet and will crush into the walls of the separator. The
ion beam, consisting of only the desired ions is tlemelerated with high energy
towards the substrate. Accelerator energy is adjustable and determines the depth

to which the ions will be implanted into the substrate.

lon source

lon extraction

Magnetic
separator

lon source
chamber

lon acceleration

Sample

Sample chamber

Figure 2- 16 Typical features of an ion implanter.

Interaction between the implanted ions and the host atoms is assumed to be
elastic, and the maximum transferable enahggng a collision Enayx iS obtained

by energy and momentum conservation as expressed by EqudtB(Viattox

1998) Parametersny, and mg, are the masses of the implanted ions and the

atoms of the substrate respectively, wtias the energy of the incident ions.
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Heavy ions transfer much more energy to the substaat® are more likely to
generate more defects and damage thateligbns.

dm_m
E_ = MonMuo p Equation 213

rTlon + msub

Concentration

v

Depth

Figure 2- 17 Schematic showing implantation profile as predicted by the
Gaussian distribution.

The average depth of the implanted ions is called the projected Ringe
implantation depth (Figure-27). Implantation depth depends, initially, on
Mon: Msypratio. Whenmy, is greater thamng, then implantation depth is smaller
and ions concentratdoser to the surface. The distribution of the implanted ions
in the substrate is assumed to have a Gaussiaibdigin as shown in Figure-2
17. However, the difference in the valuesnaf, andmy, introduces skewness to

the expected Gaussian implantation peodis illustrated in Figure-28.

From the profiles, it can be seen that heavy ions skew the distribution profile
towards the surface while lighter ions skew ttffier away, and thatmplanation

depth also increases witmadrease in implantation energyrhe latter was
demonstrated b}u et al.(2013) They implanted chromium in magnesium using
energies of 15, 20 and 40 keV, and the implantation depth at 40 keV was almost
100 nm but a littleover 30 nm at 15 keV. Surface concentration of the implanted
ions decreases with increase in implantation energy; at high energies, the ions are

projected deeper into the surface.
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Figure 2- 18Skewness of implantation profiles resulting from differggtmm,y,
ratios (a) Magnesium implanted with chromium at 15, 20, and 40 keV (Xu €
2013), (b)Nitrogen implanted in 304 stainless steel at 28 kV and differen
temperatures (Collins et al. 1991

Implanted ions are stopped at random positions, and ofternnnlattice sites.
Implanted ions can cause scattering of the substrate atoms resulting in vacancies,
defects anda distorted lattice. An ion implanted into lomgnge polycrystalline
substrates may undergo channelling. During channelling, the ions are projected
between favourably oriented crystal planes where they experience almost no
interaction with the atoms of the sttate. Channelling results in incalable
penetration dept a times several magnitudes moréam with random

positioning. Damaging amorphisatiorof the surface can limit channelling.

Sputtering or ejection of atom from the substrate surface is also a possible result
of ion-substrate interaction. Burkin and Armi(l994) showed that sputtering

limits the concentration of implanted ions in the substrate; that at some point, the
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rate of ion implantation equals the rate at which material, including implanted
ions, is lost by sputtering. To improve efficiency and ee@i near 100%
implantation, the authors suggest using a sacrificial coating layer, which will be

sputtered preferentially.

RF magnetron sputtering

Sputtering is a nothermal nonequilibrium process that involves the physical
vaporisation of atoms from surface by momentum transfer from bombarding
energetic atomic sized particles (Mattox 1998). Arthur Wright (18i&8) thefirst

to reportsputter deposition. He used sputtering to deposit 174 and 183 nm thick
gold and platinum films on glass using a ratbeide electrical apparatus with an
induction coil, a battery source and evacuated with the aid of multiple pumps.
Since then, significant progress has been madth the advent of magnetron
sputtering in te 1970s (Clark 1971; Chapin 1979) renderinghié preferred
coating technique in the microelectronics industry. Several authors (Subramaniam
et al. 2010; Padhy et al. 2011; Saidi et al. 2015), have shown that sputter
deposited surface alloys can impart satisfactory corrosion resistance to base

metalsin a variety of corrosive agents.

Film deposition by sputtering is illustratad Figure 219. A sputtering gas,
typically an inert gas such as argon or xenon, is ionized by use of a breakdown or
striking voltage to create plasma. The positively charged @f the plasma are
attracted to the negatively charged target, which is the source of the desired
alloying element. They bombard the target, and collide elastically with its atoms,
imparting energyf which themagnitude can be estimated by EquatielB2The

energy transferred is sufficient to eject or dislodge the atoms from the surface of
the target and sputter them towards the substrate, where they condense to form a

thin film.
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Figure 2- 19Schematic illustrating thprocess of sputtering.
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Figure 2- 20RF sputtering (adapted from Alfonso et al. 2012).

Radio frequency (RF) sputtering, shown in Figur®02 utilizes alternating
current at a prset frequency, usually 13.56 MHz to credte plasma. At each

half cycle, the potential is such that ions in the plasma are accelerated to the target
to cause sputtering, while on the alternate half cycles, electrons reach the surface
to maintain charge neutrality. This makes it possible to ithereelectrically
conductive or nonconductive targets. During ion bombardment, secondary
electrons are emitted from the target. Magnetron sputtering uses a magnetic field
to confine these secondary electrons near the target such that ionisation of the
sputering gas occurs closer to the target, resulting in higher ionisation efficiency,
higher sputtering rates and consequently higher deposition rates (Kéllyed

2000. It is for this reason, coupled with its capacity to produce dense films, that
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RF magmetron sputtering has generated much interest (Banerjee et al. 2010; Saad
& Kassis 2012.

Sputter deposition parameters have a significant effect on the properties of the
films. Increasing sputtering power for instance, has the effect of increasing the
energy of the plasmams and therefore the sputteeld. This is seen by a general
increase in deposition rate and film thickness as atifum of RF power in Figure

2-21. However, avery high energies, sputtgield may decrease (Mattox 1998)
asthe sputtering ions tend to losauch of their energy far below the surface of
the target Chaoumead et al. (2012) demonstrated this when they deposited
titaniumdoped indium oxide on glass using RF magnetron sputtering. Deposition

powers greater than 300 W rgeaccompanied with reduced deposition rate.

High RF powers are associated with high residual stresses. Films produced by
sputtering will naturally be stressed, owing to particle bombardment by sputtered
atoms and working gas molecules. The energy of ttradarding particles, and
hence the magnitude of residual stress is expected to increase with increase in
sputtering power. In separate studies, Cuthrell et al. (1988) and Bhatt et al. (2007)
showed that film residual stress is also a function of sputtgasgoressure. The
results, presented in Figure22 showed that at low deposition pressures, film
stresses are largely compressive, but change to tensile with increase in pressure.
At much higher pressure, the nature of film stresses becomes increasingly
compressive. It is therefore possible to control film residual stresses by
manipulating sputtering gas pressure. Films having tensile residual stresses are
likely to fail by cracking, while those under compressive stresses will experience
buckling.
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Figure 2- 21 Effects of RF power on (a) deposition rate of ZnO:Al films on gl
(Spadoni & Addonizio 2015), and (b) film thickness and residual stress-of |
doped ZnO (Tien et al. 2015).

44



- 150

- 100

(-]
T
TENSION

o
£
z s} 4s0 2
® g
- o —_r @
@ 0 M Y
@ =3 PRESSURE, microns 450 I
e 4 3 »
7] a 4-100 x
i ®
= o o =
o s O=VERT.{) - -150
2t 3 4=HORIZ. (1)
© o -200

2 L e L 1
=] o [~ n o o b
I T B B A B B
o o [+] [ =] o 00Q 0O o (=] (=]
MOLYBDENUM THICKNESS, microns
(a)
0
60 1 [ —=— 300 W RF Power
100 —
T 7 ‘._1_‘"%-
N
W 150
[
= \\
2 -200 - ™.
B -~
ﬁ o
-250
- \.\\\
-300 4 \»\.
-350 T N 1 ] T T
5 10 15 20
Sputtering Pressure (mtorr}

Figure 2- 22Dependence of film stress on sputtering gas pressure. (a)

Molybdenum films produced by cathode sputter deposition using argon (Cu

et al. 1998)*, and (b) SigXilm produced by RF diode puttering using argon &
300 W (Bhatt et al. 2007). *1 p = 1.333 Pa

Pulsed electrodeposition

Electrodeposition, also referred to as electroplating, is a low energy process of
producing coherent metallic coatings on conductivbsgrates from a solution
containing cations of the desired metal. It involves passing electric current
through the solution in a set up similar to the one shown in Figld& and
reducing the metal cations as per Equatiel2whereM is the metal isd be
deposited.
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M™ +ne- M Equation 214

Anode Cathode

Electrolyte

Figure 2- 23Typical experimental setp for electroplating

This technique is relatively inexpensive, easy to scale up and can be used on
articles withcomplexgeometry. Varietypf metallic surface alloys can be prepared

using electrodeposition with high chemical purignd these include films of

nickel, copperco b al t and zinc ( KiKadar & aW£ob6| 1989;
Quemper et al. 2000; Yousseff et 2004; Tury et al. 2007). The versatility of
electrodeposition has seds application in car parts such as engine cylinder and

wheel rims, bath taps, jewelleryatalystsused inphotovoltaic devices. Gao et al

(2009) electroplated 316 austenitic steel with palladium for corrosion protection.

Electrodeposition is traditionally carried out using direct current (DC). Figure 2
24 shows the concentration profile tie plating electrolyte near the cathode.
During electrodeposition, the diffusion layer becomes depleted of the metal
cations and enriched with anions. The anions impede cation migration from the
bulk electrolyte, and the failure to replenish the diffusiayer with the metal
cations creates a concentration gradient between the bulk and the electrode
surface. The width of the diffusion layeii\] grows with time to a thickness
limited by the hydrodynamic movement of the bulk solution (Ibl 1980;
Chandaraselt & Pushpavanam 2008), which may be induced by stirring or
convection effects. Assuming uniform current distribution across the cathode, the

build-up of the concentration gradient results in a potential drop called
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concentration overpotentiatl.onc and cescribed by the Nernst expression in
Equation 215.

RT C .
N = o InC—: Equation 215
M 5N
N
r/
N
[
E / c Bulk solution
5 Increasing t
ol M
0 Distance from cathode >

Figure 2- 24Typical mncentration profiles of thdiffusion layer near the cathod
during DC electroplating. &= cat i on ¢ onc e ny=mwalth of o
diffusion layer, and t = deposition time.

In Equation 215, C; is the cation concentration at the electrode surf@gés the

cation concemation in bulk electrolyte, and the other symbols have their usual
meanings. The reduction id.o,nc means thatigh-energyinput is required to
maintain the plating current and sustain the electrodeposition process. When the
surface cation concentration drops to zeaaritical current is reached below
which no plating occurs, as there is no sufficient energy for deposifius.
current, known as the limiting current densityjs described by Equation1b

(Qu et al. 208), and is an inverse function a§.

- nFDC,
L dN

Equation 2-16

The conditions discussed in the preceding paragraphs result in limited rate of
metal deposition and the production of powdery films, similar to those shown in
Figure 225(a). Severe mass transport limitation and vigorous hydrogen evolution
associaté with DC plating are attributed for the quality of these deposits
(Chandarasekar & Pushpavanam 2008; Joi et al. 2013).
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(a)
Figure 2- 25Cu-Mn film deposited on PVD Cu seeded silicon wafer attact
on RDE. Depositiomas achieved by (a) DC, and (b) PC plating (Joi et al
2013).

Pulsed electrodeposition (PED) presents an alternative to DC plating. It involves
interrupting the plating current at predetermined intervals shownigas Figure
2-26(a), during which thesurrent may or may not drop to zero (Ibl et al. 1978).
The momentary interruption allows for the discharge of the diffusion layer, and
for the migration of catiamfrom the bulk solution. This results in a constantly
high dcone High deonc can greatly infllience nucleation rates, as more energy is
available for the formation afuclei (Ibl 1980; Qu et al. 2@). The interruption

also allows for desorption of hydrogen resulting in films with lower residual
stresses.

Pulsing the current has the notable effettthinning the diffusion layer in
Equation 216 as shown in Figure-26(b). In the figure, the dotted lines depict the
replenishment process durifigi. The diffusion layer in the case of PED consists
two layers: a pulsating or stirred layer of widihjand a stationary layer whose
thickness gk (Ibl 1980). The concentration gradient depends on the lendty,of
and approaches zero &g increases. As with DC plating, for PED is expressed
by Equation 216. The pulse lengthl,, required for catino surface concentration

to reach zero and to reaighs J andmay be predicted by EquatiorlZ.

;= (nF)*C_,D
2

p

Equation 217
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Figure 2- 26(a) Typical current waveform used in pulse electrodeposition, &
(b) concentration profile of diffusion layer near the cathode during pulsec
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2.5 Corrosion measuring techniques

Given that corrosion of metals is an electrochemical process, it is plausible that
the majority of techniqgues for determining corrosion behaviour are
electrochemical in nature. Thadvantages of electrochemical apprascko
studying corrosion are a relatively short measuring time, high accuracy and the
possilility for continuous monitoring (Lorenz & Mansfeld 1981). Corrosion study
using electrochemical methods is often carried @ingipotentiostats interfaced
with computers and suites of data acquisition software, and involves polarising the
test sample away from the equilibrium potential (Section 2.1). Polarisation may
induce a set of electrochemical reactions that would othemoseoccur, but

which contribute to the overall corrosion reaction and compromise accuracy.
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Alternatives to electrochemical methods are-etattrochemical methods, such as
weight loss and solution analysis. These are valuable where corrosion products are
nonadherent and when knowledge of the corroding system at equilibrium is of
importance. They however require relatively long exposure periods for the results
to be meaningful. In addition, they are poorly reproducible and often not sensitive
enough to gie more than qualitative information (Juttner 1990).

Two methods were used extensively in this study. These are potentiodynamic
polarisation and electrochemical impedance spectroscopy (EIS), discussed
broadly in the subsequent subsections.

2.5.1 Potentiodyiamic polarisation

This method involves polarising the test sample at a predetermined rate, called the
scan rate, and monitoring the current density as a function of potential. Data
obtained this way is typically presented in a ségarithmic plot simila to the

ones shown in Figus2-11 and 227. Qualitative analysis of these curves entails
evaluating theirs shapes and how they ewblwéh changes in the properties of

the corrosive environment. For example, in Figure7@)f increasing acid
concentrabn from 1 M to 6 M shifted the curve to lower current densities and
more noble potentials. The implication is increased corrosion resistance.
Similarly, the current fluctuations in Figure2Z(b) indicate susceptibility to

pitting.

Quantitative analysisf@otentiodynamic polarisation is done by using either the
Tafel method or linear polarisation resistance (LPR), appropriately known as the
SternGeary method. The kinetics @f corrosion system are expresdgd the
Bulter-Volmer relationship given in Eqtian 2-5, and the values of Tafel slopes

b, and b, can be determined from potentiodynamic curves at potentials between
+20 to 50 mV fromE.,;, as shown in Figure-28(a). In this region, the anodic
and cathodic branches of the polarisation curves eXmbdrity, the gradients of
which are equivalent tb, and b respectively. Extrapolating these slope<£tg,
allows for the approximation afor. As stated previously (Sectionl?, icor is

directly proportional to corrosion rate.
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Figure 2- 27 Potentiodynamic curves for (a) 304LN2 stainless steel exposed

3 and 6 M nitric acid at 25 °C (Girja et al. 2012), and (b) 316L stainless ste¢

sulphuric acid with small chloride and fluoride additions meadibetween 0.2E
and 1.05 V vs SHE in (Leedre et al. 2012).
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Figure 2- 29Misestimating dor from a smahrange or nonlinear Tafel behaviou
Polarization curve obtained when Zn was exposed to aerated 0.01 M NatiC
60°C and pH 8.1 (Lefrou et al. 2010).

The use of the Tafel approach requires that linearity in the Tafel region extend to
more than one decade of current (Flitt & Schweinsberg 2005a; Lefrou et al. 2010).
Where Tafel behaviour is not large enoughsoaimbiguous, the use of the Tafel
method may lead to erroneous approximation.gf. This is demonstrated in
Figure 229 where the anodic Tafel region occupies less than one decade of

current, presenting high chances of misestimating the valuig,pf Another
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limitation of the Tafel approach of estimating the value.gf is that it assumes

that the corrosion reaction is singleep and charge transfer controlled. For
corrosion reactions influenced by mass transport, poor solution resistance, or by
more than one reduction reaction occurring at similar rates, deviation in Tafel
behaviour may & observed (Stern & Geary 19571h such cases, it is often

difficult to obtain Tafel slopes with plausible accuracy.

Stern and Geary (1957) proposed an altéreanethod of estimatingor from
polarisation measurements: LPR. The method, described by the expression in
Equation 218, relates the slope of the polarisation curve in the zero current region
(Figure 228(b)) to icor and Tafel sloped, and b.. This relation holds for
polarisation within the 10 m\E., range. In this range, the slope is equal to
polarisation resistancéy,. The value ofR, is mainly influenced bycr and is
relatively independent td, and b, (Walsh et al. 2008). This is the gresit
advantage of the LPR approach as it allows for interpretatio,gfwithout
determining the Tafel slopes. Rearranging Equatick8 gives Equation A9,

whereB is a proportionality constant defined by Equatief(2

de _ - b,|b.]|

dic. ¢ 23, (b,*] b, |): P Equation 218

B .
leorr = R Equation 219
P
b, 156, :
= Equation 220
2.3(b,* b, )

The value oB may be determined experimentally by linearizing Equatid® @r
calculated from Equation-20 using documented values of Tafel slopes. This
makes LPR easier to usand applicable to most cases without the need for
extensive polarisation (Uneri 1969). However, valuegdgfdetermined by LPR

are subject to error when the anodic process is daednay the oxidation of

some species other than the test metal, or when the ohmic resistance of the test

solution is too high (Scully 2000).
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The use of either Tafel slopes or LPR for determining assumes uniform
corrosion (ASTM G1089(2010)). They nsestimate corrosion rates when the

metal corrodes by pitting.

2.5.2 Electrochemical impedance spectroscopy

EIS is a norintrusive method of studying corrosion behaviour of metals. It is
particularly sensitive to localised corrosion and useful for detgaefects on

Type | surface alloys. It involves applying a thwarying potential (AC) and
monitoring current response. In this technique, corrosion resistance is described
by impedanceZ, which is defined as the ability to resist flow of AZ.bears

ohmic like characteristics as expressed in Equatie?il,2where~y is angular
frequency,t is time andu is the phase difference between applied voltage and
current response. Whan is zero,Z is real or faradaic and represents a pure
resistor, and whea is 90°, its value is imaginary or nediaradaic and represents a

capacitor.

Z

V V sin(wt :
= I—‘ __Vsintwt) Equation 2-21
t

~ Isinwt +£)

A simple case of an electrode exposed to a corrosive solution without any mass
transfer reaction is depicted in Figure3@ In Figure 230(a), the corroding
system is presented as the solution resistaRgén series with an interfacial
resistanceZ. However, interfacial resistance consists of a faradic current due to
metal dissolution and a ndaradaic current due to periodichanges in the
amounts of a charge in the electric double layer near the surface (Macdonald
1992; Bagotsky 2006; Orazem & Tribollet 20083, in Figure 230(b) is
polarisation resistance definéy Equation 218, and may be used to determine

corrosion rate.
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Figure 2- 30Electrical circuits analogues of a charge transfer controlled
corrosion reaction showing (a) showing impedances of the corrosion systen
(b) differentiating faradaic and nefaradaic component@dapted from Orazemr

& Tribollet 2008).

EIS data is typically presented on a complex plane or Nyquist format. In this
graphical presentation shown in Figurd2and 231(a), imaginary impedance

ImZ, is plotted as a function of the real component of impedRe@eEIS models

the corrosion process into bulk and electrode related effects. Bulk effects are
associated with the high end of the frequency range, and include solution
resistance as well as eliectric effects resulting from the dissolution and
recombination of charges in the electrolyte. Electrode effects involve activities
near the electrode, such as pitting and adsorption of reaction species and is
characterised by the response at the logueacy end (Macdonald 1992). From

this description and the Nyquist plot in Erg 2-31(a), the following conditions

may be derived:
Z, . =R Equation 2-22
Z, =R +Rj Equation 223

In cases where solution resistance is negligible, for example in highly conductive

solutions such as sulphuric acid and sodium chloride, then the vaRyeraly be
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approximated from the low frequency end of the Nyquist plot according to

Equation 223 by assuming tha®s is zero.

= = = = Modulus

Phase

g =
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Figure 2- 31Graphical presentation of EIS data. (a) Nyquist plot and (b) Boc

plots.

Although Nyquist plots are typically seraircular as presented in Figure32(a),

their shapegvolve depending on the kinetics and diffusional characteristics of the
corrosion reaction. Sergircular plots are typical of charge transfer limited
processes, and the larger the radius, the higher the corrosion resistance. A
depressed Nyquist semicircleay be due to the roughness of the electrode
electrolyte interface or to inhomogeneous distribution of defects at grain
boundaries (Abouzari et al. 2009). Multiple semicircles are often an indication of
more than one processes occurring on the surfage,example corrosion

occurring on a defective coated metal.

Straightline Nyquist plots (Figure-32(a)) represent diffusichimited processes.

On the other hand, reactions influenced by both charge transfer and diffusion will
be characteristically seraircular at high frequencies and linear at low
frequencies as given in Figure32(b). According to Wang (2006), the linear part

in Figure 232(b) constitutes a larger portion of the Nyquist plot for reastwith

very fast electron transfer, while slow @i®n transfer processes are characterised

by a larger semtircular region.

The limitation of Nyquist plots is that the frequency dimension of the data is

obscure, and much information is lost. As such, Nyquist plots are usually
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accompanied with Bode poshown in Figure-31(b). These present the modulus

of impedance and phase angle as a function of frequency on a logarithmic scale.
As with the Nyquist plot, the value of impedance at low frequency is equivalent to
the sum ofRs andR, as defined by Equiain 2-23, where the value dR, may be

used to determine corrosion rate.
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Figure 2- 32Nyquist plots typical of corrosion systems (a) under diffusion cont
and, (b) under both charge transfer and diffusion conAdireu et al. 2004).

For a corrosion resistant configuration, the phase angle tends towards |90°| at low
frequencies, suggesting capacitive behaviour, and towards zero at high
frequencies due tBs (Orazem & Tribollet 2008). The value of capacitanceas

related to the thickness of the film or layer formed on a metal surface by Equation
2-24 (Gorji & Sanjabi 2012). In the equatiok), is the dielectric constant of free
space (8.85 xI F/m), Uis the relative dielectric constaaf the corresponding
medium,A is the surface area of the electrode, dmslthe thickness of the oxide

film. This makes it possible to study the evolution of oxide films with regards to

structure and proteon efficiency.

— eom‘
d

C

Equation 2-24

For a reactive configuration, the phase angle tends towards zero at both low and

high frequencies, indicating that current and potential are in phase (Orazem &
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Tribollet 2008). The Bode modulus plots are typically characterised by
asymptotes at lovand high frequencies, and the transition between these has a

slope of aboutl.

Quantitative analysis of EIS data may be done by use of equivalent circugs (EC
an example of which is described in Figur8b). EGs are constructed using
passive elecital elements, i.e. elements that do not generate current or potential.
Typical elements and their physical meanings are presented in Fabknd are
used in Figure -33 to depict the electrode surface of 2205 duplex stainless steel
and 20Cr28Ni austetnt stainless steel in 0.1 M sodium chloride below and above

the critical pitting temperature (CPT).

The use of EE€ requires a thorough knowledge of the corroding system. It is
susceptible to ambiguous interpretation and the possibility of degeneratéscirc
compounds this problem. Degenerate cicuite EG that exhibit identical
impedances over the entire axis of frequencies (Fletcher 1994), but may bear very
distinct physical meaning. It is necessary therefore to validate a proposed EC, for
example bychanging a single component of the corroding system such as
concentration or temperature and observing if expected changes occur to the

impedance spectrum.
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Figure 2- 33Proposed models of ECs of coated aluminit¥id2 alloy in 3.5%
sodium chloride, (a) immediately after exposure and, (b) after 50 minutes
exposure (Hu et al. 2003).
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Table 2- 5 Passive electrical elements used to construct equivalent circuits ar
their likely phyical meanings (Liu et al. 200&orji & Sanjabi 2012)

Symbol Name Physical meaning

Resistance, R | Rs = solution resistance
lM{C R; = film resistance

Capacitance, C Interfacial capacitance due to the double lay
-“ I—C for anideal surface

Constant phas¢ Interfacial capacitance due to the double lay
-“ E—C element, Q for a real surface

Warburg Diffusion or mass transport effect over an
- w L | resistance, W | infinite diffusion length

Cotangent Diffusion or mass transport effect over finite
o O | hyperbolic, O | diffusion length

distribution, inductance of cell cables etc.
At low frequency, adsorption or desorptio
process e.g. hydrogen evolution

\QQ}'C Inductance, L | At high frequency, due to nemiform current
]

2.5.3 Statistical consideration of corrosion measurements

Corrosion is a property that does not easily lend itself to precise or concise
presentation. Precision is defined, firstly, as the closeness between randomly
selected measurements in a replicated experiment, and secondly as the agreement
between the measured values and those obtained by other investigators (ASTM
G16-95(2010)). The latter is termed reproducibility. Frankel (2008) pointed out
that most corrosiorrates are only reproducible to within a factor of 2 to 3,

especially when the value of the Tafel slopes is assumed around 100 mV/dec.
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To secure the statistical relevance of corrosion results, it is often necessary to test
a large number of samples and gsthe mean of the results, calculated as per
Equation 225 as the typical value of the data setElquation2-25, ofis the mean

of the data set witin values. It is expected that more measurements give a more
reliable meanand may compensate for respengriability as well as guard

against random errors.

a x
X == Equation 225
ni
SD= [%a (x - X)?] Equation 226
i=1
SDE= Sb Equation 227

Jn

Standard deviation (SD) and standateviation error (SDE) as described by
Equations 226 and 227 may be used as indicators of precision: the smaller these
values, the more satisfactory the precision of the response variables. However, the
use of these tools assumes that the collected dateormally distributed. To
validate such assumptigrend therefore the use of the tools defined in Equations
2-26 and 227, randomisation of the sequence of test runs is often necessary
(Mason et al1989). This also protects measurements against systeensdrs

and improves the accuracy of the measured values.
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Chapter 3
Materials and experimental procedures

3.1 Introduction

Work in this study was divided into twmarts surface alloy synthesis and surface
alloy characterisation. Alloy synthesis was done using ion implantation, RF
sputtering and pulsed electrodeposition, whélerface alloy characterisation
mainly involved surface analysisand corrosion characterisatioithe present
chapter describes the materials and experimental procedures used to achieve this.

In addition, it explains how the collected data were analysed for interpretation.

3.2 Materials
3.2.1 Substrate

The substrate used in this study was AISI 3@istenitic stainless steel. It was
supplied by MacSteel South Africa in the form of 6 mm thick plates. The
chemical composition of the stainless ste@ls confirmed by spark analysis at

Scroobyds Laboratory Services South Afri

Smaller samples were seamted from the supplied plate. Water with a cooling

additive from ATM GmbH was continuously added to prevent overheating of the

samples during sectioning. The samples were wet ground with silicon carbide

paper from 80 grit to different surface finishes eguired. Where polishing was
necessary, 6 em alumina paste as well as
The samples were used without further annealing. They were first washed in
detergent, ri nsed wi t h dei oni sed water

degreased in ethanol, methanol or isopropanol prior to use.
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3.2.2 Ruthenium targets

A 99.9 wt% ruthenium target was used for RF sputtering. The target, supplied by
Good Fellow UK, was 76 mm in diameter acthm thick. To facilitate mounting

on the RF spttering machine, a copper plate wasndedto the target using
indium. Prior to film deposition, the target was cleaned hytspng at 100 W for

5 minutes at a gas pressure of 13 Sc&uawer density was determined by
Equation 31.

RF sputter power

Powerdensity=
Eroded area

Equation 31

Ruthenium powder supplied by Anglo Platinum South Africa was used to produce
the ion source for ion implantation. The powder, 99.9% pure, was consolidated
using spark plasma sintering at 1400°C and 30 MPa as ldesgdy Angerer et al.
(2009). The consolidated solid was 20 mm in diameter and 2 mm thick.

3.2.3 Ruthenium plating bath

The electroplating bath was prepared using a ruthenium nitrosyl salt
((NH4)2RuClk) supplied by Impala Platinum Limited (Refineries)uBoAfrica. A
summary of the chemical composition of the salt was provided by the supplier and
is given in Table 3.

Table 3- 1 Chemical composition of the ruthenium nitrosyl salt. *Trace elements
ppm.A full assay is presented kigure G1.

Major constituents wt % | Trace elements* ppm
Metal content 24.07| Platinum
Ruthenium 99.90 | Tin
Rhodium
Osmium
Calcium
Aluminium
Chromium
Iron
Silicon

|

NR|IRWOWOI~N

N |
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The bathwas modelled on that proposed by Crosby (19&ut without pH
adjustmentsince the films produced after adjusting pH using either potassium
hydroxide or sodium hydroxide had poor adhesion and were not usiablas
made by dissolving about 25 g/l of thalt to achieve a ruthenium concentration
of 6.2 g/l, and 40 g/l of oxalic acid in deionised water. The electrolyte was held at
about 100°C for 24 hours, continuousrred throughout the period, and then
aged for 72 hours. After this, the solution wasetully filtered to remove any

undissolved solids.

3.3 Synthesis of surface alloys

3.3.1 lon implantation

lon implantation was carried out in a Varian 350D implanter at iThemba LABS
North, South Africa.The implantation process was initially simulated by the
Stopping and Range of lons in Matter (SRE@08) software to understand the
effect of implantation energy othe sputteryield, projected range, substrate
damage as well as the distribution of incideuthenium ionsThe simulation did

not take into account the possibilities of channelling, but was sufficient for
comparison purposeslmplantation parameters were chosen based on the
limitations of the machine; energy was varied from 50&0 keV, whie doses
(fluence) used ranged from*£@o 10° Ru/cnr.

All implantation was done at room temperature. During implantation, the
substrates were tilted at 0 and 7° to vary the incidence angle of the ruthenium ions
and hencaninimise channellingeffects Some of he samples were annealtd
minimise the effects of radiation damage. Annealing was dbd®CC under a
nitrogen atmosphere for 1 hour in a Carbolite Type 301 tube furnace. Nitrogen gas
was used to evacuate the tube before annealing, and gasvilswnaintained

during cooling to room temperature.
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3.3.2 RF sputtering

Radio frequency (RF) sputtering was carried out using the apparatus shown in
Figure 31 and housed at the School of Physics, University of the Witwatersrand.
The sputtering chamber weaevacuated using a pair of turbo pumps to a base
pressure of between 1.5 x1@nd3 x10° mbar. The sputtegas used waargon,

whose flowrate was variebetweenl1l0 to 23 Sccm to achieveorking gas
pressuresn the range oflL x10° and 4 x10° mbar. Stable argon plasma was
obtained at 10 Sccm, hence this was chosen as the lower working pressure limit

for this study.

Deposition power ranged from 15 to 200 W witked-DC negative bias of about
169 and 250 V, and deposition times were variedvéen 1 and 30 minutes. All
films were produced from the ruthenium target described in Sec@2dh &.room
temperaturend zero biasThe targesubstrate distance was maintained at 60 mm
for all depositions, and the ruthenium target was continuouslyedosith water

whose conductivity was kepthte ss t han 10 €S/ ¢ m.

Figure 3- 1 Apparatus used for RF sputtering.

Preliminary tests involved depositing the ruthenium films on (100) single crystal
silicon wafers. Oncesatisfactory ruthenium films were obtained, deposition was
done on the 304L stainless steel samples. A sample holder capable of taking 8
samples at a time was designed and manufactured at the University of the
Witwatersrand. Te holder, described in FiguEe3 and made of aluminium, had

a shutter allowing a single sample to be exposed to the ruthenium plum at a time.
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For some sampl es, a thin | ayer (a 2
ruthenium deposition. Titanium deposition was done according to ¥¢asl.
(2014). After deposition, some of the samples were annealed at 400°C under a
nitrogen atmosphere for 2 hours in a Carbolite Typet@8B& furnace as describe

in Section3.3.1.

3.3.3 Pulsed electrodeposition

Samples used for pulsedectrodeposition (PED) were prepared by drillingn@
diameter holes used to suspend them in the plating solution. They were ground
and polshed as described in Section.3,2after which they were masked using
insulation tape on their edges and backssdeh that only the central area
measuring about 3 cmwas exposed. This was done to minimise the edge effect,
and to control the cathode-anode ratio so at to ensure uniform distribution of

deposit thickness.

The masked samples were {breated by immesing themin 10% sulphuric acid

with small quantities of ferric chloride at 80°C to remove native oxides. This was
followed by a thorough rinse in deionised water, and the samples were
immediately transferred to the plating bath ey as described in &mn 3.23.

Plating was carried out in a-8ectrode cell shown in Figure-Z The cell
consisted of the stainless steel sample as the cathode, a graphite electrode with a
surface area of about 28 tas the anode, and silver/silver chloride electrode/3 M
potassium chloride (Ag/AgCl/3 M KCI) reference electrode. The distance between
the cathode and the anode was maintained at about 50 mm. All plating was done
at room temperature. After plating, the deposits were thoroughly rinsed in
deionised water and &thol, and then allowed to dry in air.
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Ag/AgCl reference |
electrode

4 Stainless steel wire
. = | connected to the sample

Graphite counter
electrode i
Ruthenium solution

Figure 3- 2 Set up used in pulsatectrodeposition.

Electrodeposition wasdone chronopotentiometrically using a Metrohm
PGSTAT302 Autolab potentiostat. The potentiostat generated a wavsfoilar

to that presented in Figure3 Ty, the time during which current was zero, was
varied from 1 to 50 s, anth, ranged from 3 to 10s. Plating current,used was
1.2 and 2 A to give a target current density of 0.40 and 0.67 *Akspectively.
These values were chosen based on the lionstof the potentiostat, and

suggestions made by previous researchers using DC plating (Reddy & Taimsalu
1971, Croshy 1981).
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Figure 3- 3Typical current waveform used in pulsed electrodeposition.

3.4 Design of experiments
It was important to reliably determinke significantsynthesis parameters on the

corrosion resistance of the proposed surface alloys without prolonging
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experimenttion time and increasing cost. Alf2* factorial design of experiments
(DOE) was chosenof this work. The DOE approach involves studying several
parameters at two levels; high (coded +1) and low (cetiedrhe effect of each
parameter was estimated by the difference between the average response at high
and low levels as expressed in Equat®R (Barrentine 1999), wher¥ is the
observed response, ands the number of responses at the level (high or low).

Effect = lé Y, - %é Y Equation 32
i=1 i=1

The significance of the estimated effects was determined using a normal
probability plot. This is a graph of the effects and their cumulative normal
probabilities,P; as approximated by Equatior3YHogg & Ledolter 1992). In the
equation,m is the total mmber of effects, and is the rank number when the
effects are arranged in an ascending order. Effects that do not fit reasonably well
on a straight line are significant, while those that fall on the straight line are

normally distributed and are regardadignificant.

=) :Mgs 100 Equation 3-3

' ¢c m =+
Parameters studied varied from one synthesis technique to another. However, in
all cases the response considered was the corrosion rate of the surface alloy in 1
M sul phuric acid at & 25A@ndonfisee or der of

3.5 Alloy characterisation

3.5.1 Physicachemical characterisation

Surface analysis

Surface analysis of the alloyed pre and post corrosion was done using field
emission scanning electron microscope (FESEM), and atomic force microscope
(AFM).

A Carl Zeiss Sigma FESEM with energispersive Xray spectroscopy (EDS)
was used to study the surface morphology of the alloyed surface. The FESEM,

capable of magnification as high as 1.3 million times, was used in both secondary
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electron (SE) and backgtered electron (BSE) modes. Where necessihugy,
samples were coated with a thin gglalladium coating to improve resolution at
high magnificationby minimising the space charge effecsn accelerating
voltage of 10 and 20 kV was used for imaging arrd&DS analysis respectively.

In both instances, the working distance was maintained at about 8.5 mm. Line
scans and mapping was also done to highlight elemental distribution.

Surface analysis by AFM was performed in the tapping mode. The AFM used was
Veem Dimension 3100 equipped with a Nanoscope V530r3sr3 data acquisition
software. Measurements were done using scan sizes between’3harh600
¢ rhat frequencies ranging from 2.5 Hz to 0.5 Bmalysis by AFM was limited

to uncorroded samples only.

Microstructural analysis

Stainless steel samples for metallographic characterisation were hot mounted in
black phenolic conductive resin at 6 kN fom8nutes.They were prepared by
grinding with successively finer abrasives as describe@edantion3.2.1. The
polished samples were then etched using the etchants listed in Fablall3
etchants were prepared using deionised water according to ASTME4@hce
etched, the samples were liberally rinsed in water and ethanol, dried with warm
air, and then exained using both the optical microscope and FESEM. The optical
microscope used was Lecia DM6000 M equipped with a digital camera and Lecia
Application Suite (LAS) software.

Table 3- 2 Etchants used for metallographic charactetisa as per ASTM
E40707.

Etchant Oxalic acid Marbles solution | Sodium hydroxide
Purpose General structure Darkens austenitic| Darkens ferritic
of austenitic grains grains
grains
Composition | 10g oxalic acid | 10g copper 40g sodium
100ml water sulphate 50mi hydroxide
hydrochloric acid | 100ml| water
50ml water
Method of Electrolytic at 6V| Immerse for 80s | Electrolytic at 510V
etching for 10-60s for 5-20s
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Metallographic characterisation was complimented bya¥ diffraction (XRD)
measurementsThese were done using a Bruker 2D Phaser with LynxEye
detector, and Féltered CoKU r adi ati on with a wavel engt
stated otherwise, the XRD measurements weréopmed in the rang20°< 2 d <

140A 2d using a tespomlpesdution eB7sistép. AhalyBi B A a t

XRD was done using Diffrac.Eva V3.2 software wi@DD Powder Diffraction

File (PDF) database.

Stress analysis
Stresses in the alloyed surfaces were studied by considering the shift in the Bragg
position of XRD peaks. Using the data collected with the Bruker 2D Phaser as
described in the preceding subsection, stress was inferred from strain
approximated from Equation4 In the equationd; is the Bragg angle of a peak
as given in the relevant reference patt®r in the measured pattern of the
untreated sample, ard is the Bragg angle of the same peak measured on the
alloyed surface. This approach is sequantitative and sufficient for comparative
study.
e=m -1 Equation 34

sing,
Stressanalysis was also done using the’in me tattrasation angles of 0, 45,
90, 180,225and270And y ranging from O to 7O0A. Me
t he shift i n Bragg position of ,ande st air
were carriedout usig Ni-filtered CWUK U r adi at i on wi t h a We
0.154nm. The elastic constantssed to determine stress were=S-1.77x10°
MPa, 1/2$=7.49x10°MPa and Poi sson6és ratio of 0.31
collected using Bruker D8 Discover equipped with 2D Sthr detectqrand

analysed using Leptos 6.02 software.
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Mechanical properties

Typical tensile specimens with a gauge length of 25 mm wested using a
Tinius Oslen type DBBSTOLOKN tensile tester. The machine was interfaced
with a QMat Professional software. After fracture, the specimens were examined
via a Nikon SMZ745 stereo microscope, with a 7.5x zoom magnification. The
microscope wasnounted with a high definition D5i2 camera from Nikon and

equipped with NISElements version 4.00 imaging software.

It was assumed that the surface alloys were too thin to have a notable impact on
the mechanical properties of the stainless steel. As , suslchanical
characterisation was limited to unalloyed 304L stainless Steadnsure statistical

relevance, tfee specimens were tested.

3.5.2 Electrochemical characterisation

Corrosion performance of the alloyed surfaces was evaluated by potentiodynamic
polarisation, chronoamperometry, potentiostatic measurements and
electrochemical impedance spectroscopy (EIS). This was done in &lbceede

cell consisting the stainlestesl sample as the working electrode, Ag/AgCIl/3 M
KCI refer encled m¥IlveSHE)anu é ¢argg akiea graphite counter
electrode. The tests were carried out in the Metrohm PGSTAT 302 Autolab
shown in Figure 3!. The potentiostat was equipped witteduency Response

Analyser (FRA) module, and interfaced with Nova 1.70 data acquisition software.

Potentiosta Corrosion

cell

Figure 3- 4 Potentiostat used for electrochemical characterisation.

Corrosion tests were done in sulphuric and hydrochloric acid, sodium, ferric and

magnesium chloride solutions. The chemicals used were analytical grade supplied
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by Associated Chemical Enterprises (ACE), South Africa. They were diluted to
the desired concémations using deionised water. These solutions are highly
conductive; hence, no potential drop (IR) compdios was done. Fresh

solutions, and samplegere used for every test, and untreated 304L stainless steel

was used as a control.

Unless stated otherse, all tests were done at 25 + 1°C under natural aeration and
static conditionsWhere stirring was necessary, a battery powered stirrer with a
fixed speed on 900 rpm was usd@mperature was controlled by means of an
insulated water bath with a therstat, and was continuously monitored by a
mercury thermometerThe surface alloyed samples were used as fabricated,
without further processing. This was done to preserve the integrity of the
ruthenium alloys. Where possible, ladst two samples were tedteand a fresh

sample was used for each test.

Post corrosion examination of the corroded surfaces was done using FESEM,
stereo and optical microscopy. Where necessary, the corroded samples were

cleaned prior to examination in an ultrasonic bath using ethan

Potentiostatic measurements

Open circuit potential (OCP) measurements were done to assess the
thermodynamic stability of the surface alloyed stainless steel samples. They were
done at zero applied current. Variations of OCP were recorded for periods ranging
from 120 seconds to 72 hau

Potentiodynamic polarisation

Prior to potentiodynamic polarisatiomet samples were held at OCP UI%-EF was

1 eV/ s, whi c hleast 429 setonds.iPolaisaliogs dané at a scan
rate of 0.5 mV/s from potentials cathodic vs OCP to anodic potentials. Passivation
tendencies were deduced from the shapes of the polarisation curves, while

corrosion rate were determined by St&eary method as summarised in Section
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2.5.1, and described in ASTM G1@&3(2010). In this study, the valuesb, and
b. were assumed 10@V/decade (Frankel 2008), such that the valueBah
Equation 219 was 0.022 V.

Chronoamperometry

Chronoamperometric tests were used to study localisedston on the alloyed
samples. The technique was also used to understand the stability of passive films.
Currenttime curves were recorded at different potentials in the passive region

over periods ranging from 30 minutes to 24 hours.

Electrochemical imgdance spectroscopy

For EIS measurements, the electrochemical cell was placed in a grounded Faraday
cage. The measurements were done using the FRA module in the Metrohm
PGSTAT 302 Autolab, and voltage amplitude of 10 mV. Unless stated otherwise,
all EIS masurements were done at OCP. Quantitative analysis was done by
fitting equivalent circuits to the data, and a fit was accepted as satisfactory when
the estimated error was less than 10% (0.1).

Precision of the potentiostat

Corrosion of 304L stainlessteel in 1 M sulphuric acid was used to confirm the
precision, repeatability and reproducibility of corrosion measurements recorded
by the potentiostat. Twentjve experiments were done under the same
conditions, and corrosion rates determined by SBsmary method. Results in
Figure 35 show that reproducibility of the corrosion measurements was good,;
measured average was in agreement with that found in litergtlggin et al.
1995) The percent error, calculated by Equatieh 8as 0.3% for corrosion @&

measurements, and 1.9% for corrosion potential.

% Error = | Expectedvalue- Measured/aluet3 100 Equation 35

Expectedvalue
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Precision of the corrosion measurements was evaluated by standard deviation of
the average (SDE) as described by Equatkay ZASTM G1695(20L0)). SDE
for the corrosion rate measurements was 0.06 mm/y, while that for corrosion

potential was 3.18 mV, indicating close agreement in randomly selected results.
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Figure 3- 5Reproducibility of the corrosiomeasurements. Average corrosiol
potential was366 mV and corrosion rate was 0.89 mmly.

Given this analysis, it was assumed that the potentiostat used was precise in its
measurements, and any deviations were due to the electrochemical behaviour of

the sanples.
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Cell design
Two sample orientations were explored: a horizontal and vertical orientation as
shown in Figure &. Figure 37 presents the potentiodynamic polarisation curves

obtained when 304L stainless steel was tested in 1 M sulphuric acid.

Counter electrode
| —

Test sample j
. \

(@) (b)

Reference
electrode

Figure 3- 6 Schematics of the corrosion cells with the sample in (a) a horizo
and (b) a vertical orientation.

0.001

0.0001

Horizontal orientation

Current density (Aflem2)
m
o
T

1B ¢ Vertical orientation

0.2 0 0.2 0.4 0.6
Potential vs Ag/AgCl (V)

Figure 3- 7 Effect of sample orientation on potentiodynamic polarisation cur
of 304L in 1 M sulphuric acid.

The curves obtained on the horizontally oriented samples exhibited:figimd

Ipass suggestingreaterdifficulty to passivate. This was consistent with the report
by Hoyle and Taylor (1993) that particulate matter within the solution may
deposit on a horizontal surface, and prevent the formation of a protective oxide

film or disturb the film already fornte To ensure that the corrosion behaviour
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recorded was due to the electrochemical reactions and not orientatitve of
sample, the vertical sample orientation was preferred for this work.

A horizontal electrochemical cell was designed at the Universitythef
Witwatersrand, and manufactured by United Glass Blowers, South Africa. The
cell, shown in detail in Figure-8, had an outer jacket through which water was

circulated to control the temperature of the electrolyte.

o
Water iy B Sample
jacket [ \ i
\ —
: §
I \ 2z
—

\

Lt

'/

Seals

Water inlet/outlet

() (b)

Figure 3- 8 Assembled corrosion cell (a) photograph, and (b) cross section.

3.5.3 Nonelectrochemical corrosion characterisation

Solution analysis

The chemical analysis of the corrosion solution was analysed by inductively

coupled plasma mass spectroscopy ({NI¥) and atomic absorption spectroscopy

(AAS). Analysis by ICPMS was done by Scroobyés Labor
AAS was carried out at theriversity of the Witwatersrand using a 240FS AA

from Agilent Technologies. Results obtained were used to corroborate the

corrosion results obtained via electrochemimathods discussed in Section.2.5

In most cases, chemical analysis was limited to, icdmomium and nickel; the
major constituents of AISI 304L stainless steel. The solutions were aliquoted for
at least 3 analyses to ensure repeatability. In all instants, fresh solution and

deionised water were used as controls.
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Chapter 4
Materials characterisation

4.1 Introduction

To appreciate the impact of this study, and hence qualify its success, the corrosion
behaviour of pristine AISI 304L stainless steel was characterised in common
electrolytes: sulphuric acid and sodium chloride. Chemicathanical as well as
metallographic characterisation was also done, and the observed results compared
to known and accepted values. This chapter presents the results of the

characterisation exercise.

4.2 Results

4.2.1 Chemical composition

Table 41 presets the chemical composition of the AISI 304L stainless steel used
in this work as verified by spark analysis. The results obtained were compared to
the specifications listed in ASTM A240. In general, the composition of the
supplied 304Lstainless steel wagithin the limits specified in the ASTM A240.
Molybdenum is not specified in ASTM A240, but was found to be in excess of
0.3 wt% in the supplied stainless steel alloy. This could imply that the pitting
resistance of the present 304L stainless steel aliay higher than that of the

stainless steel specified in the ASTM standard.
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Table 4 1 Composition of 304L stainless steel as received. A

complete assay is presented in Tabi2. A

Composition (wt%)
Element Supplied 304L ASTM A240

Iron 70.60 Balance
Chromium 18.32 1820
Nickel 8.20 8-12
Manganese 1.21 2 max
Silicon 0.44 1 max
Molybdenum 0.34 Not specified
Phosphorus 0.038 0.045 max
Carbon 0.03 0.03 max
Nitrogen 0.076 0.1 max
Sulphur 0.0062 0.03 max
Other 0.430 -

4.1.2 Microstructural analysis

The supplied 304L stainless steel was ground, polished and etched using oxalic

acid, marbles solution and sodium hydroxsgution prepared adescribed in

Table 32. Figure 41 shows the microstructures revealedelbgh etchant.

Both oxalic acid and marbles solution revealed a microstructure that was entirely

austenitic. As observed from Figured @) and (b), the stainless steel had a wide

grain size distribution

observed from these micrographs. Etching with sodium hydroxide did not reveal

whi ch

ranged

f Twonsnwe® Qlsot o

any evidence of ferritgTable 32), as can be seen in Figurel&). The

micrographs were essentially featureless, except for elongated inclusions. EDS

analysis of these inclusioms stringers (Figure-2) showed that they consisted of

sulphur. Sulphur has low solubility in austenite and will exist as inclusiotigin

alloy (ASM HandbooKL985), possibly as manganese sulphide stringers.
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(b)

(c)
Figure 4- 1 Microstructure of the 304L stainless steel as revealed by (a) ox:
acid using optical microscope, (Db
using FESEM.
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Spectrum 1

Spectrum 3

Electron Image 1

Full Scale 17384 cts Cursor: 0.000 keV

Figure 4- 2 EDS analysis dthe stringers observed in Figurel4c).

XRD analysis of the 304L stainless steel resulted in the spectrum in Figure 4
Peaks were detected at 2d & 51.05A,
matched to (111), (200), (220) and (311) of a face cerdubic (FCC) crystal
structure according tBDF 04002 1898 This indicates that the supplied stainless
steel consisted entirely of austenite. These results are consistent with

metallographic analysis in Figurel4a) and (b).
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Figure 4- 3Typical XRD pattern of 304L stainless steel.
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4.2.3 Mechanical properties

The mechanical properties of the 304L stainless steel were investigated using
tensile testingit room temperaturé\ typical stressstrain curve obtained from the
tensile tests is presented in Figurd.4The curve exhibited continuous yielding,
without a distinct transition from elastic to plastic deformation. This is consistent
with ductile behaviour. Pogést exanination of the failed specimens using a
stereo microscope revealed that the fracture was preceded by appreeckig

and extensive shear lips, typical of ductile fracture. The images of the failed

samplesare presented in Figure4

800

600 -

400 -

Stress (MPa)

0 T T T
0 0.2 0.4 0.6 0.8
Strain

Figure 4- 4 Typical stressstrain curve for the 304L stainless steel.

(a) (b)
Figure 4- 5 Stereoscope images of failed specimen showing (a) necking and (kt
and cone typical of ductile fracture.
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Table 42 summarises some of the properties derived from the Stir@ss curves.

The calculated values were well within the limits stated in literature.

Table 4- 2 Mechanical properties of 304L stainless steel measured at roon
temperature.

Property Calculated Typical

Tensile strength 550590

(MPa) 564.99  16.00 (Lide 2005;Macsteel009)
0.2% Proof stress 200 min

(MPa) 342.21 + 1.45 (EN 10088)

Elongation

(% in 25mm) 74.15+1.32 -

Young's modulus i 193195

(GPa) (Lide 2005

4.2.4 Effect of surface preparation

304L stainless steel samples were prepared by progressively abrading their
surfaces using silicon carbide as described in Sectibh. I he effect of surface
preparation on corrosion rate and surface stresstudsed.

Corrosion rate

An obvious effect of surface preparation was on surface roughness as shown in
Figure 46. The consequence of this on corrosion rate is illustrated in Figtire 4
Corrosion rates in 1 M sulphuric acid decreased from an average win/y for

the roughest sample (120 grit) to about 0.3 mm/y for the sample polished with

6 ¢ malumina powder.

Figure 47 also presents evidence that surface preparation had a significant effect
on the precision and accuracy of the corrosion rate measntermi\pparently, the

finer the surface finish of the 304L stainless steel samples, the better the precision
of the measured values. Precision, in this case referred to the closeness of
recorded measurements in replicated experiments, was indicatee stgndard
deviation error (SDE) as calculated by EquaticB72 SDE for the roughest

sampl es was 0.19 and polishing the stai
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implying better precision. This was attributed to improved surface homogeneity
on the smoother sfarce.

(e}

| —— 120 grit —— 600 grit —— 1200 grit —6um|

w
L

Vertical displacement (um)
o o

'
(e}

0 25 5 7.5 10 12.5
Horizontal displacement (mm)

Figure 4- 6Influence of surface preparation on surface roughness.
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(Akgin et al.
. 1995)
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Figure 4- 7 Effect of surface finish on precision and accuracy of measure!
corrosion rate of 304L stainless steel iM1sulphuric acid. At least 10 sample:
were tested for each condition.
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However, finely polishing the 304L stainless steel reduced the probability of
accurately measuring corrosion rates to zero. Accuracy was defined as the ability
to reproduce a known odocumented value. As can be seen in Figwg 4
measurements on thaolished samples underestimated corrosion rate of 304L

stainless steel in 1 M sulphuric acid by as much as 72%.
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Surface stresses
Residual stresses generated during grinding and polistiitige 304L stainless

steel samples were analyaggsingroutineXRDand Sify t echni que.

Figure 48 presents the XRD diffractograms obtained on as received, ground (120
grit) and polished (6 cForeas8d dnalysis, brdyi nl es s
the (111) and (200) peaks are shown. As indicated in FigtBeardd Table 48,

surface preparation shifted the peaks to lower Bragg angle. This is consistent with

the generation of compressive stresses in the surface. The shift in the Bragg angle

was most sigificant on the polished samples. Polishing reduced the Bragg by as

much as 1.8% compared to 0.6% caused by grinding to 120 grit only. It is

apparent that higher compressive stresses were generated during polishing.

111) —— Polished

) ——Rough
= —— As received
=}
2
& (200)
Pn
i\
-
g
£

45 50 55 60 65

2 theta (A
Figure 4- 8 Effect of surface preparation on the Bragg angle of peaks (111)
(200) peaks.

Table 4- 3 Variation of Bragg angle and strain with surface preparation.

Sample condition Bragg angle () Strain

(111) (200) (111) (200)
As received 5197 60.64 - -
Rough (120 grit) 5165 6037 -0.004 -0.003
Pol i shed (6 5105 5960 -0.013 -0.010

An extra peak was detected at & 52.82A

stainless steel samples (Figur&} This peak was matched to (110) of a body
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centred cubic (BCC) crystal structure, and suggested the presence of ferrite in the
stainless steel; odradicting the findings in Figure-#. The peak, however,

disappeared upon polishing.

The stresses generated because of surface preparation were further analysed with

the Sify met hod-9 Bihpuwrse the At ywli@wtad dlb tvasi nseidn,
Figure4-1 0 presents the residual stresses ca
sily plots measured on the as received 30
oscillatory behaviour. Such behaviour indicates that the surfhed
inhomogeneous stress distributiorsurface preparation increased surface
homogeneity gnglohe (Figuses 4.9(b) and

linear.

Least square lines fitted to the data obtained on the ground and polished samples

had negative slopes. This is consistent witbmpressive residual stresses.

Resi dual stresses are directl Y mrlogorti
(Noyan & Cohen 1987). A close examination of Figure3(l?) and (c) reveals

that the magnitude of the gradient obtained on the polished sawples | ar ger : :
4.3 compared to 3.2 for the rough samples. The implication is that higher
compressive stresses were generated during polishing. These results corroborate

the findings recorded in Figure8

Residual stresses determined via thé\Sin me t rb given imFigure 40. The

results show that the supplied stainless steel already had compressive residual
stresses in the order of a tdnPresP a . Sur
surface stresses to almost 340, and 575 MPa for the roughened &fegol

samples respectively.
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Figure 4- 10Residualkstresses in 304L stainless steel samples as a functior
surface preparation.

4.2.5 Corrosion characterisation

Corrosion characterisation of the supplied 304L stainless steel was studied in 1 M
sulphuric acid and in 3.5 wt% sodium chloride. Prior torasion, the
conductivity of the solutions was measured by a ptgpe conductivity meter.

The conductivity of 3.5 wt% sodium chloride and 1 M sulphuric acid were found
tobe 55.4 £ 1.1 and 397.8 + 2.4 fof® respectively.

Corrosion in sulphuric acid

Figure 411 shows the curve obtained when 304L stainless steel was
potentiodynamically polarised in 1 M sulphuric acid. The curve exhibits features
typical of activepassive metals: an anodic peak and a passive region as well as a

transpassive region at potexisi close to 1000 mV vs Ag/AgCl.

Examination of the passive region revealed that it was characterised by two

current plateaux. The first plateau, labelled 1 in Figutd €xtended fronEpassto

about 200 mV vs Ag/AgCl, while the second one was observed between 200 and

600 mV. Current density values recorded on the second plateau were as low as
0.91 ¢eA/ cm] compared to a 1.26 €A/ cm] a
caused by the presenciaoprotective layer or film. Therefore, the variation of the

current density in the passive region suggests a change in either the structure or

the chemical composition of the protective layer. The passive layers formed above
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200 mV seemed to be more potive than those produced at potentials
<200mV.

1.2 - T T T T =

1 - -

0.8 - =1

% 0.6 - -
<
=)

< 04} 2 i
'd
>
S

2 02 :
2
&

0k 1 -

0.2 - i

l -\\\ |

1 1 1 1
1E-7 1E-6 1E-5 0.0001
Current (A)

Figure 4- 11Potentiodynamic polarisation curve for 304L stainless steel exp
to 1 M sulphuric acid at room temperature.

304L stainless steel samples were heldadéntials in the ranges marked 1 and 2

in Figure 411 for 24 hours in 1 M sulphuric acid. After the exposure period, the
corrosion solution was analysed by 84or iron content. Solutions collected at
potentials 200 mV vs Agl6ddgC02mp/laadleastn i r on
23% more than the iron content in the solutions collected at higher potentials. This

is consistent with the presumption that the films formed in these potentials had
different protection capabilities. The iron content values romb at these

potentials were much lower than the 12 mg/l reported at OCP.

EIS was done above and below 200 mV vs Ag/AgCl. The Nyquist plots obtained
are presented in Figurel®(a), where the solid lines are the fit obtained from
simulations using the etyalent circuit in Figure 4.2(c). Data extracted from
these simulations is presented in Tabig, 4vhereR, was used to represent film

resistanceR;. Curves in Figure 42(a) are semgircular, suggesting that the
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corrosion processes in these potentiedgions were charge transfer limited as
opposed to mixed control at OCP (Figurg@2(b)).
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Figure 4- 12 Nyquist plots of 304L stainless steel in 1 M sulphuric acid at (a
potental ranges 1 and 2 ifrigure 411, and (b) OCP. Simulation of data in (a) at
(b) was done using equivalent circuits in (c) and (d) respectively.

Table 4- 4 Electrochemical parameters obtained from EIS tests. *Estimated err
fitting equivalent cuit to data.

Potential range n Ri(kq. c|]CPE (ek C(eF)
0.913 726 47.8

<200 mv(1) *0.11% 4.35% 0.47% 67.1
0.944 174 253

>200mV (2) 0.13% 1.11% 0.59% 27.6

The radii of the semicircles in Figurel2(a) are large, ashown by ther; values
in Table 44, and point to slow electron transfer processes and high corrosion
resistance. Increasing potential to above 200 mV vs Ag/AgCl decreased the radius

of the spectrum. This could be due to at least one of the following: (1) decrease in
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corrosion resistance, (2) reduction in the thickness of the films formed at higher
potentials or (3) faster electron transfer processes.

Current densities reported in Figurel, and the iron content measured by A

are inconsistent wh reduced corrosion sestance.Therefore it is unlikely that

the decrease in the Nyquist radius with increase in potentials is due to reduced
corrosion resistance. In addition, corrosion rates at these potentials are expected to

be reduced by passivation.

CPEvalues in Table-4 were converted to capacitance using Equatia@nwhere

C is capacitance (Hirschorn et al. 2010). From Equati€?¥,2capacitance is
inversely proportional to film thickness. This, and the results in Tai3lemdply

that the films formed at potentiats200mV vs Ag/AgCl were thicker thathose

formed at lower potentials; consistent with the expectation plaasive film
thickness on stainless steels increases with potential (Olefjord & Elfstrom 1982;
Olsson &Landlot 2003). From Table-4, it can be seen that tiPE coefficient,

n, approached 1 at higher potentials, suggesting increased surface homogeneity
(Orazem & Tribollet 2008), which could also be responsible for increased
protectiveness at these poteigi

1 n

C=CPE"3 R" Equation 41

The decrease in the radius of the Nyquist curve in Figut2(d) at higher
potentials could be due to faster electron transfer presedsigure 413(a)
presents the logogt plots obtained potentiostatically at the two potential ranges.
The area under these plots gives the total amount of charge needed for the
formation of the passive films, while the slopes are indicative of theofate

passivation (Haruyama 1990; Flis & Kuczynska 2004).

It can be seen from Figurel8B(a) that a larger electronic charge was associated
with the formation of the passive film at potentials > 200 wa/ Ag/AgCI
(marked 2 in Figure-41), confirming thdindings of the EIS tests. At potentials

> 200 mV, the gradienwas initially about-0.45, and remained almost constant
for the first 1000s. At lower potentials, the gradient was initial9.58,

suggesting faster rates of passivation. Examination ottinee reveals that the
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gradient changed dramatically after about 836bm-0.58 to-1.36. Slopes larger
than-1 are usually ascribed to the precipitation of salts (Flis & Kuczynska 2004).
It is likely that the film responsible for passivation at potdstie 200 mV
possibly contained iron sulphate.

After longer exposure times, the current densities stabilised at around 87 and 38
nA/cmz for the films grown below and above 200 mV vs Ag/AgCI respectively.
This implies that the films produced at higher passtwere more protective,
consistent with the current densities reported in Figufid,4and iron content
results reported earlier.
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Figure 4- 13Chronoamperometric measurements on 304L stainless steel ex
to 1M sulphuric acid over 12 hous the potential ranges 1 ariin Figure 4
11. Graphs show measurements in the (a) first 19Ghd (b) last 1008 of the

experiment.
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Figure 411 shows that the onset of transpassive corrosion was around 950 mV vs
Ag/AgCI. This is consistent with the transpassive potentials reported in Figlre 2
(4 1200 mV vs S HBVour waspracedeg lzy & geriticreaseh e

in current density. Transpassive corrosion is a usually ascribed to the oxidative
dissolution & chromium oxide. The fact that the transition from passive to
transpassive regions in Figureld is not abrupt, suggests the presence of more
than just chromium oxide in the passive film. Passivation at these potentials is
likely maintained by other oxas or similar species, which completely dissolve at

A& 950 mV leading to transpasHaupvr& corr o:
Strehblow 19950Isson & Landolt 2003), showed that at higher potentials, the
passive films formed on stainless steel consistedlgnaf chromium (lll) and

iron (I1l) species.

Corrosion surfaces obtained when 304L was exposed to 1 M sulphuric acid are
shown in Figure 414. The surface in Figure-¥(a) was characterised by
corrosion grooves. These grooves are typically initiatethbyselective leaching

of iron, and propagated by cathodically produced hydrogen bubbles that ascend,
burst and rupture any protective films formed on the surface (Richardson 2010).
Preferential dissolution of iron was also observedHaypt & Strehblow(1995

on Fel5Cr and F&0Cr stainless steels in sulphuric acid. In some instances, the
corrosion surfaces exhibited signs of uniform corrosion. Figuid(8) shows
similar attack of the grain and the grain boundaries. However, the triple junctions

where hree grains meet were characterised by round regular shaped pits.

(b)
Figure 4- 14Typical corrosion surfaces obtained when 304L stainless steel w
exposed to 1 M sulphuric acid, and examined by FESEM
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Some of the stainless steel samples had corrosion products deposited on their
surfaces. These products were carefully scrapped off, placed on carbon tape and
analysed by EDS. The results, presented in Figuté dhow that the corrosion
products consistegredominately iron, sulphur and oxygen. It is likely that these

products were ferrous sulphates.
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Figure 4- 15EDS analysis of the corrosion products deposited on 304L stainle
steel exposed to 1 M sulphuric acid.

Corrosion in sodium chloride solutions

Presented in Figure-46 is the potentiodynamic polarisation curve for 304L in 3.5
wt% sodium chloride.The curve exhibited typical actiyeassive behaviour,
indicating that the stainless steel was able to passivatesisolution. However,

the passive region was quite narrow, with the onset of transpassive corrosion at
about 400 £+ 23 mV vs Ag/AgCI. TH&ans potentials were way below the oxygen
evolution potential, suggesting that 304L stainless steel experiertiad pnder

the test conditions. This is in agreement with the current transients observed
between 0 and 400 mV, which are typically associated with incidents of localised
corrosion (Schumki 2002).

Above 400 mV, the curve exhibited evidencé pseudo passgity at current
densities o . In&this Sregibn, aurfehtcbetame independent of
potential. The occurrence of pseudo passivity suggests a possible deposition and
build-up of slightly protective corrosion products on the 304L stainless steel
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surface Theseproducts are typically thickporousand could be iron hydroxide
(Codd et al. 1970)
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Figure 4- 16Potentiodynamic polarisation curve for 304L stainless steel exp
to 3.5 wt% at a 25AC.

Currenttime curves measure potentiostatically at 0 and 350 mV are presented in
Figure 417. The curve obtained at 0 V (Figurel#d(a)) was characterised by
abrupt peaks in current density. These perturbations are typical of metastable
pitting, during whith a number of pit growth events are initiated, but pits
immediately repassivate, as conditions in the newly formed pits are insufficient
for stable pit growth (Dawson & Ferreira 1986; Schumki 2002). Current densities
at this potential were quite low; india they were in the same order of magnitude
asipass This confirms that conditions favoured tendency to repassivate rather than
to pit.

Current densities at 350 3nWdicatieghigghemu c h
dissolution rates. At this potentigihe strong oscillations recorded at 0 V were not
observed. The current density increased steadily with time instead, suggesting

stable pit growth and reduced tendency for the metal to repassivate.
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Figure 4- 17Currenttime curves obtained when 304L stainless steel was exj
to 3.5 wt% sodium chloride at (a) 0 V, and (b) 350 mV vs Ag/AgCI.

Post corrosion examination of the 304L stainless steel exposed to 3.5 wt% sodium
chloride was done using the FESEM and optical microscopereBaéting images

are illustrate in Figures 418 and 419, and revealed randomly oriented shallow
pits. These p# were elongated and irregular in shape, and soma laag metal
covering. Inside some pits, a seoontinuous network of undissolved stringers
were observed (Figure¥9(a)). The stringers were presumed to be the manganese
sulphide inclusions reported iFigure 41(c). Cross section examination of the
pits revealed that pitting progressed by undercut, and grew lengthwise. No visible

films were observed on the samples.
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(b)
Figure 4- 18 Morphology of pits formed on 304itainless steel exposed to 3.5 wt!
sodium chloride, as examined by (a) FESEM and (b) FESENBSD.

Bakelite

(a) (b)
Figure 4- 19Features of the pits grown in 3.5 wt%. (a) Interior of the pits as
examined by FESEMSD and (brross section viewed with an optical microscoy

4.3 Discussion

Chemical composition of the supplied 304L stainless steel was found to be
consistent wi t h ASTM A240. The stainle
molybdenum, an element known to have benefieffdcts on pitting resistance

(Mischler et al. 1991; JargelitBettersson & Pound 1998; Olsson & Landolt

2003). The impact of the 0.34 wt% molybdenum on the pitting resistance of the
supplied 304L stainless steel was determined by calculigiRRENby Equation

2-12, and comparing it to that of the alloy prescribed by ASTM A240 in Table 4

5.
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Table 4 5 Effect of molybdenum on PREN of supplied 304L stainless stee

Chromium Molybdenum | Nitrogen
Alloy (Wt%) (wWt%) (Wt%) PREN
Present 304L 18.32 0.34 0.076 21.72
ASTM A240 18.00 0 0.10 21.00

As can be seen in Table%4 the presnce of 0.34 wt% molybdenucaused a
marginal difference in the pitting resistance of the two alloys, taedefore it
could bepresumd that they were similar. By inference, their corrosion behaviour
and mechanical properties were assumed comparable. This allowed for
comparison of the results obtained in this work to those cited in literature,
provided the chemical composition of the dit804L stainless steel conformed to
that prescribed by ASTM A240.

Metallographic analysis of the stainless steel showed an alloy composed entirely
of austenite. Yet XRD measurements suggested the presence of ferrite. Retained
ferrite in austenitic stainlessteels was previously reported by some researchers,
and was shown to reduce pitting resistance in chloride solutions (Manning et al.
1980; Ibrahim et al. 2009; Sadeghpour et al. 2013). The appearance of the ferrite
peak seemed dependent on surface patipar In Figure 4, the peak
disappeared upon polishing, indicating a possible deviation in crystallographic

orientation.

Close examination of the micrographs in Figurg(d) and (b) showed evidence

of twins. Twins in FCC metals are typically a consamee of annealing (Deiter
1986). This suggests that the supplied 304L was annealed, possibly after cold
work. Annealing causes the formation of randomly orientated new crystallites,
resulting in crystallographic texture. Since the chemical compositionhef t
stainless steel was not altered, it is likely that polishing caused preferential

orientation, and hence the disappearance of the (110) ferrite peak.

Surface preparation had a marked influence on the corrosion rate of 304L stainless
steel; corrosion rageincreased with increase in surface roughness. Li and Li

(2006) attributed this trend to a decrease in electron work function. They showed
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that rougher surfaces losgectrons with much more ease than smoother ones,

resulting in higher corrosion rates.

The experiments to determine the effect of surfaepgmation on corrosion rates
weredone in 1 M sulphud acid, in which the predominanathodic reaction is

the evolution of hydrogen by Equatior22 The rate of this reaction depends on
the hydrogen oerpotential of the surface. Roughening of a surface reduces its
hydrogen overpotential, and improves the catalytic activity of a surface leading to
faster hydrogen evolution (McGill 1990; Revie & Uhlig 2008). Consequently, the
rate of the coupled anodicaetion will be faster resulting in enhadoeorrosion.

The trend observed in Figure74may also be attributed to the fact that film
growth on stainless steel is easier on smooth swthae on rough ones because

a much smaller film initiation network is required (Hoyle & Taylor 1993).

Results presented in Figure-74 indicated that increasing surface fineness
improved precision of the measured corrosion rate values. For smoother more
homogeneous surfaces, the anodic and cathodic reaction are likely to be
distributed over all surface segments (Bagotsky 2006), and the corrosion rates
thus measured will be consistently repeatable. However, polishing 304L stainless
steel presented a zero pawility of accurately estimating the corrosion rates. The
best combination of precision and accuracy was obtained on samples ground to
1200 grit. As such, for corrosion test on unmodified 304L stainless steel in this
work, surfaces were ground to 1200 tgrio ensure repeatability and

reproducibility.

Crystallographic orientation could have also played a significant role in the trend
recorded in Figure 4. A study byKumar et al. (2005khowed that: (1) the
orientation of closely packed crystallographiames parallel the surface improved
passivation, and (2) changes in crystallographic orientation minimised corrosion
by reducing sites favourable for corrosion attack. For FCC metals, the {111}
planes are the most closely packed, and from Figw2sadd 47, the (111)

reflection was the most intense.

Stresses induced during surface preparation were found to be compressive in

natur e. The compressive stresses reached
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these values were in the same order of magnitude astréregth of the 304L
stainless steel in tension (Table) they were consistent with those reported by
Tomlism and Carroll (1990). Compressive stresses are generally beneficial to

material performance.

The 304L stainless steel was exposed to 1 M sulplagrd and 3.5 wt% sodium
chloride. In both solutions, the supplied stainless steel exhibited typical-active
passive behaviour. Passivation in these solutions is facilitated by water as a source
of oxygen, and is established through the formation of ciworiron oxides,
ferrous sulphate or ferric/ferrous hydroxides (Codd et al. 1970; Fontana 1986;
Stypula & Banas 1993; Schmuki 2002).

In sulphuric acid, chronoamperometric measurements suggested that the nature
and protectiveness of the films produced ba stainless steel surface changed
with potential and exposure time. This is consistent with previous reports (Olsson
& Landlot 2003; Schmuki 2002), which emphasised that the composition and
thickness of passive films vary with potential and exposure tieay
photoelectron spectroscopXRS) analysis by Haupt & Strehblo 1995 of
passive films grown in 0.5 M sulphuric acid showed that iron (ll) content
increased with decrease in potential, while chromium (lll) accumulated with
increase in potential anéxposure time. Chromium (lll) species are more

protective than iron (Il) corrosion products.

In sodium chloride, metastable pitting was observed at potentials as low as 0 V vs
Ag/AgCI. Pit initiation typically occur at surface inhomogeneities such as
inclusions, precipitates, grain boundaries and dislocations (Schmuki 2002), and
occurs via localised thinning of the passive film due to the intrusive chloride ions.
At higher pea®0anVivd Ag/AgCl), pitigroBttd dcurred, indicated

by an increasenicurrent density in Figure-#7(b). As can be seen in Figur€lg,

the pits were elongated in shape, and are likely to have initiated from the
manganese sulphide stringers in Figured(@) and 419. Dissolution of
manganese sulphide generates sulphuigtwim turn promotes active dissolution

of alloys via the formation of acidic species such as sulphuric acid and hydrogen
sulphide (Wranglén 1974; Pardo et al. 2008).
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Corrosion parameters obtained from potentiodynamic polarisation tests are
presented in dble 46.

Table 4- 6 Corrosion parameters for 304L stainless steel after exposure to 1 M
sulphuric acid and 3.5 wt% sodium chloride. *Standard deviation error.

Solution | Exar (MV) | Yoo | Eqi (mV) ( zpc N iz'ﬁj%i‘;
1 M sulphuric
acid -282 +16* | 48 +18 - 669 12
3.5 wt% sodium
chloride -288+55 | 132+53 | 400+23 | 2116 0.17

From Table 46, it is clear that the dissolution rates of the supplied stainless steel
were higher in sulphuric acithan in sodium chloride. The conductwiof the

aci d used fom, svhiléthaBodtBe 35 4 sodium chloride was only

55 mS3cm. Hence, it was expected that the corrosion rate of the stainless steel

would be higher in sulphuric acid.

The observed results can also be attributed to the nature of cathodic reactions
supported in each solution. In acids, the cathadactionis the evolution of
hydrogen by Equation -2, which does not allow for the formation of any
protective films. On thether hand, corrosion in sodium chloride is supported by
the reduction of water and oxygen as described in Equat®ynahich produces
hydroxide ions that can facilitate the formation of adherent and frequently
protective iron hydroxide. Similar obsetias were made by Sherif (2012) when
2209 duplex stainless steel was exposed to hydrochloric acid and to sodium

chloride.

4.4 Summary

For the results of this work to be meaningful, it was essential that complete
information on the supplied 304L stainletsel be known. This chapter therefore
sought to present a thorough characterisation of the alloy prior to the proposed

surface modifications.
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Positive identification of the 304L stainless steel was successfully achieved via
spark analysis and metallogtac examination. The corrosion behaviour of the
alloy was studied in sulphuric acid and sodium chloride, while microstructural
properties were analysed by metallography and XRD. These were found to be
reasonably consistent with documented limits. Theeefany deviations from
expected corrosion behaviour and microstructural on the modified 304L stainless

steel could be confidently attributed to the proposed ruthenium surface alloys.
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Chapter 5
Alloy synthesis

5.1 Introduction

Corrosion resistance of rutheniwstainless steel alloys has been widely
investigated in 1 M sulphuric acid, with previous researchers reporting corrosion
rates of between 0.0052 and 0.85 mm/y at room temperature (Potgieter et al.
1992; Olubambi et al. 2009; She?i®11; Olaseinde et al. 2012). The objective of
the study in this chapter was to produce ruthenium surface alloys that would
reduce the corrosion rate of 304L stainless steel in 1 M sulphuric acid to less than
0.1 mmly: equivalent to at least 88% improvemiancorrosion resistance. This
was achieved through a series of steps summarised in Figlurdt Svas also
important that the Type | surface alloys (Section 2.4.1) maintained their integrity

during exposure to ensure leteym applicability.

Fabrication _— Pre-corrosion
characterisation

Corrosion

Yes

characterisation

1 MH2804,25£1°C

!

Corrosion

No
rate <

0.lmm/y

No

l Yes

Post-corrosion

characterisation characterisation

Accept for furth Yes
[ CCEP or Iar El']

Figure 5 1Flow diagram illustrating the surface alloy synthesis and corrosi
characterisation process.
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5.2 Results: lon implantation
This section of the chapter seeks to present, and describe the results of the

synthesis of theuthenium alloy via ion implantation.

5.2.1SRIM simulation

Simulation of the ion implantation process using SRIB08 in the full cascade
option produced the results in Figure ¥ 54. In all cases, simulation was done
using 5000 ions.

Figure 52 shavs that implantation depth increased with increase in implantation
energy. The depth of the ruthenium peak concentration was about 13 nm at 50
keV, and increased to almost 34 nm at 160 keV. In addition, skewness at the
lower implantation energy was moreogitive, indicating that the implanted

ruthenium was closer to the surface than at the higher energy.

ION RANGES ION RANGES

Iom Range = 134 A Skewness =0.5818 Jon Range = 230A Skewness =0.4284

Stragule = BTA Eurtosis = 2.2826 Straggle = 142A Kurtosis = 2.9711
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argetDepth 100 % TazeDeph- 10
(a) (b)
Figure 5 2 Concentration distribution of ruthenium implanted into 304L
stainless steel simulated at (a) &V, and (b) 160 keV. Angle of incidence =

Lateral straggle, i.e. the width of the concentration distribution, was larger at 160
keV than at 50 keV. This suggests that the ruthenium ions implanted at the higher
energy interacted more with the atonfstloe stainless steel substrate. Results
presented in Figure -8 support this, and demonstrate that the number of
vacancies produced by the knemk effect of implanted ruthenium ions was

greater for higher implantation energy than for lower energy. Theecpuence is
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a large volume of damage in the substrate implanted at 160 keV, which could

negatively influence corrosion behaviour.
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Figure 5- 3SRIM simulation of vacancies produced due to ruthenium
implantation into304L stainless steel at (a) 50 keV, and (b) 160 keV. Angle
incidence = 0°.
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Figure 5 4 Simulated sputtering yield of 304L stainless steel implanted wii
ruthenium ions at a fixed incident angle of 0° as a function plaimation energy

Figure 54 compares the sputtering yield of the major alloying elements of 304L
stainless steel as a function of implantation energy. It can be seen that the
sputtering yield of iron was greater than that of chromium and nické&ctnthe
sputtering yields of these metals followed the trend Fe > Cr > Ni. These results
seem to suggest differential sputtering and a possible surface enrichment of nickel

during ion implantation process.
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From the same figure, it can be observed thalewthere was a change in
sputtering yield with increase in implantation energy, the change was slight. For
instance, about 6.8 atoms per ruthenium ion were sputtered at 50 keV and
increasing implantation energy to 150 keV increased sputtering yield tol/1j%s

It is also apparent that increasing implantation energy beyond 100 keV resulted in
a reduction in the sputtering yield. The sputtering yield at 100 keV and at 200 kev

was similar: about 7.5 and 7.4 atoms per ruthenium ion respectively.

5.2.2 Desigrof experiments

A 23 factorial design for three independent parameters was done to study their
effect on the corrosion resistance of ruthenium implanted 304L stainless steel.
Table 51 lists the parameters studied, their ranges and leRdsighness
measuements were done via AFM.

Table 5 1 Experimental conditions used for th&f&ctorial DOE.*Samples

prepared using 6 em alumina paste
(Rough)

Symbol | Parameter Unit Low level (-1) | High level (+1)
A Energy keV 50 160
B Dose Ru/cm? | 10" 10
Polished Rough
C Surface roughnesy - (Rkd 6 nnM{Ral131 ni

After ion implantation, the samples were characterised by XRD, FESEM and
potentiodynamic polarization. The results of theéests are presented in the

following subsections.

X-ray diffraction analysis

XRD patterns for the ruthenium implanted 304L stainless steel shown in Figure 5
5 are identical to that of the unmodified stainless steel presented in FigRres 4

and 45. The aBence of ruthenium peaks suggests that the amount of ruthenium

implanted into the stainless steel alloy was lower than the detection limit of the
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D2 Phaser used (& 4 vol %). In addition,
of new phases, or interméita compounds, both of which have been associated

with ion implantationprocess (Radjobov 1988; Collins et al. 1994; Pelletier et al.

1999; Riviere et al. 2002).

> (111) — 160 keV, 10wions/cm?
E ——50 keV, 102 ions/cm?
>
<
8
>
= (200)
c (220)
3
c Pormiven
.,
25 45 65 85
2 theta (A

Figure 5 5Typical XRD patterns of ruthenium implanted 3G4inless steel,
referenced against PDF (D2 1898 and PDF 0006 0663. Ce&K U r a d i

Figures 56 to 511 compare the XRD diffractograms of the unmodified 304L
stainless steel with those of the rutheniimplanted alloy. For clarity, only the

(111) and (200) peaks are presented. It can be seen that in all cases, ruthenium
implantation shifted the stainless steel peaks to lower Bragg angles. This is
consistent with an increase in interplanar spacing, and indicative of compressive
stresses in implantedteels (Equation -34), as well as the expansion of the

lattice.

It is clear from Figures-6 and 57 that implantation at a high dose t1Ru/cnf)

caused a |l arger shift in the Braggbds ang
expansion of the stdess steel lattice because of introducing a larger amount of
ruthenium ions (Mandl et al. 2005; Dudognon et al. 2008). The largest change in

Bragg angle was observed on the rough samples implanted at 50 keV. A 2.6%
decrease i n 2d was implanted withd1®® &ufcnf,t h e sanmn
compared to about 2.2% ansimilar sample implanted at the same energy but

lower dose (Figure-3(b)).
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Figure 5- 6 Effect of implantation dose on Bragggle. Samples
prepared at 160 keV on (a) polished and (b) rough surface

Figure 5 7 Effect of implantation dose on Bragg angle. Samp
prepared at 50 keV on (a) polished and (b) rough surfaces
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An anomaly was observed on ttreigh sample implanted at 160 keV. The results
presented in Figure-6(a), show that the shift in the Bragg angle was larger at
lower doses (188 Ru/cnf). This was not in agreement with the expectation that a
higher ruthenium dose would cause a larger esiom of the lattice and

consequently a larger decrease in Bragg angle.

In all the cases studied, ruthenium implantation into rough stainless steel surfaces
resulted in larger shifts in the Bragg angle. These results are presented in Figures
5-8 and 59. Angular shift of the (111) peak was between 2.1 and 2.6% for the
rough samples relative to unmodified 304L stainless steel, while the shift for the
polished samples ranged from 1.6 to a maximum of 2.2%. These observations
seem to suggest that more ruthemiwas successfully implanted into the rough

samples leading to a larger expansion of the lattice.

At high implantation energy and high dose (Figurg(h)), the effect of surface
finish on Bragg angle was indistinguishable. The angular position of thg¢ (111
peak measured on the rough and polished surfaces was 50.9° and 50.8°
respectively. This implies that at high implantation energy and high dose, surface
preparation had little or no effect on the indusé@ss oon the concentration of

implanted ruthemim.

Figures 510 and 511 show the effect of implantation energy on the Bragg angle.

The Bragg position of the (111) peak shifted more for the polished samples
implanted with 16¢ Ru/cnf regardless of implantation energy, consistent with the
expectation that high implantation dose would cause larger lattice expansion.
Increasing implantation energy from 50 to 160 keV resulted in a similar shift in

Bragg angle regardless of surface finigbr instance, in Figure-51(b) the value

of 2d changed from & 52A for 304L stainl

and polished samples respectively.

However, the trend was not as straightforward for the rough samples. As can be
seen in Figure 80, the effect of implantation energy on the angular position of
the (111) and (200) peaks was dependent on the implantation dose. At the lower
dose (18 Ru/cnf), the shift in Bragg angle was slightly larger for samples
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prepared at 160 keV than at 50 keicreasing dose to ¥0Ru/cnf, however
caused a larger shift on samples implanted at 50 keV.

Corrosion characterisation
Corrosion rates of the implanted samples in 1 M sulphuric acid are presented in
Table 52 and Figure 8.2.

Although the presence ofithenium shifted th&.,, to nobler values, the effect
was only slight (Figure-82(a)), given that the average, of pristine 304L was
-366 mV. The most marked changelg,; was observed on the rough samples
prepared at 50 keV, and *®Ru/cnf; Exri Nncr e a R@8dnV.t 0 &

__-150
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= -200 1 ®Rough
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Figure 5 12Influence of dose, energy and surface finish on (a) corrosion
potential, and (b) corrosion rate of ruthenium implanted 304L stainless stee
M sulphuric acid.
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Nonetheless, ruthenium implanted stainless steel reacted slower than pristine
304L stainless steel in most cases. From Take ibis evident that the highest
average corrosion rate was obtained on the rough samples implanted at low dose
(10" Ru/cnf) ard high energy (160 keV). Corrosion rates in this case were as
high as 1.4 mm/y, and averaged about 0.9 mm/y. This is equal to the corrosion
rate of unmodified 304L stainless steel. It implies that implanting at high energy
and low dose did not improve cosion resistance at all, and is consistent with the
observation in Figure-2 that high implantation energy distributed the ruthenium
deeper in the stainless steel substrate, thus limiting its availability for corrosion
protection.

Table 5 2 Corrosion rate (mm/y) results from th&20E, calculated by LPR
method and expressed to 3 d.p. *Bold italics present average corrosion rate.

A: Energy (keV)
(-1) (+1)
C: Surface roughness C: Surface roughness
(-1) (+1) (-1) (+1)

0.226 0.179 0.085 0.782
0.267 0.292 0.163 1.048
1) 0.270 0.552 0.339 1.354
(S 0.143 0.156 0.230 0.263
= 0.169 0.320 0.138 1.020
e 0.215 0.300 0.191 0.893
§ 0.943 0.028 0.805 0.407
a 0.348 0.062 0.541 0.225
o (+1) 0.313 0.014 0.181 0.015
0.653 0.022 0.470 0.192
0.318 0.183 0.269 0.099
0.515 0.062 0.453 0.188

The slowest corrosion rate (average of 0.06 mm/y) was measured on the rough
samples implanted at low energy and high dose. This observation was atypical,
since rough surfaces are usually associated with higher corrosion rates (Melchers
& Jeffery 2004;Li & Li 2006; Revie & Uhlig 2008). Howeverit concurred with

the expectation that at low implantation energies, the ruthenium would be closer
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to the surface and accessible for corrosion processes. In addition, corrosion

resistance should increase with inceeasruthenium dose.

Figure 512(b) suggests that surface finish had a marked effect on corrosion
resistance of the ruthenium implanted 304L stainless steel. For the polished
samples, corroen rates increased with increasingmplantation dose regardkes

of implantation energy. This response was contrary to predictions that higher
doses would cause improved corrosion resistance. Furthermore, increasing
implantation energy caused a slight decrease in corrosion rates. For rough samples
though, corrosion tas decreased with increase in implantation dose, which was
as expected. Lower corrosion rates were recorded for samples prepared at lower

implantation energy.

Post corrosion examination of the corrodedfaces was done using FESEM. The
images shown in Bures 513 and 514, indicate that round spondie
agglomerates covered most of the rough samples. Figliesbhiggests that the
density of these agglomerates increased with increase in implantation dose. Only
one set of the polished samples displayechilar behaviour: the samples
implanted at low energy and low dose (Figur&3), were covered by flat round

buttortlike agglomerates.
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10 Ru/cm?

10** Ru/cm?

Figure 5- 13FESEMSE images dhe 304L stainless steel implanted at 50 ke
and exposed to 1 M sulphuric acid.

10 Ru/cm?

10" Ru/cm?

Figure 5- 14FESEMSE images of the 304L stainless steel implanted at 160 }
and exposed th M sulphuric acid.
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Surfaces that did not develop these agglomerates showed evidence of
intergranular corrosion, and selective leaching. At high implantation energy, and
on polished samples (Figures18 & 5-15), the samples underwent fine
intergranular corrosion. The surfaces were characterised by shallower damage of
the grains than on the grain boundaries. This suggests that the dissolution rate on
the grains relative to that of the grain boundaries Wases, thus corroborating

the lower corrosion rates reported in Figurg2gb).

(o)
Figure 5 15Polished samples magnified 15%0&amples implanted at 160 ke
and doses of (a)0'? Ru/cnf and (b) 16* Ru/cn.

At low implantation energy (50 keV), both polished and rough samples exhibited
coarse, broad attack of the grain boundaries (Figut8)5In both cases, the
corrosion rates were higher than observed for the samples showing fine
intergranular corrosion. There wao apparent correlation between dose and type
of intergranular attack, and selective leaching seemed predominant on polished
samples implanted at high energy.

The agglomerates precipitated on some of the samples were analysed by EDS.
Results presented iRigure 516 indicate that these agglomerates were rich in
sulphur. 1t is likely therefore that these agglomerates were sulphates. Previous
authors (Schumki 2002; Richardson 2010) have reported nucleation and growth of
ferrous sulphates in sulphuric acid all concentrations. Interestingly, the
agglomerates on samples prepared at low energy (50 keV) had higher chromium
content: they typically had between 6.6 to 7.8 wt% chromium compared to 2.9 to
6.5 wt% for samples prepared at 160 keV. It is possibletligathromium was

present in the precipitates a chromium oxide.
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Figure 5 16 EDS analysis of agglomerates formed on some of the rutheni
implanted 304L stainless steels.

To assess the corrosion damage beneath the agglomerates, the samples were
cleaned in ethanol using an ultrasonic cleaner, and three cleaning cycles each 5
minutes long. FESEM images of the clean surfaces are presented in Figure 5

The agglomerates forrdeon the rough sample implanted at 50 keV with*10
Ru/cnf (Figure 517 (d)), werequite adherent as residue of the agglomerates
remained attached on the surface even after thorough cleaning. These
agglomerates formefilms that could be responsible forethow corrosion rates
reported in Table 2 and Figure 82(b). The composition of the agglomerates is

presented in Figure-56.
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Figure 5 17FESEMSE images of the samplegh deposits after cleaning,
magnified 500 and 10080Samples were prepared at (a) 160ke\}? Rui/cn,
rough, (b) 50keV, I8 Ru/cnd, polished, (c) 160keV, ¥0Ru/cnf, rough, (d)
50keV, 1¢* Ru/cnf, rough.
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Statistical analysis

Table 53 presents the effects of implantation energy, dose, and surface roughness
on the corrosion rate of ruthenium implanted 304L stainless steel in sulphuric

acid. The effects were calculated as described in Section 3.3, and their

significance plotteah Figure 518.

100
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S ®c
S 50 Be -
o
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E 25 AB ®
(@]
z BC ®
0 T T T
0.6 0.4 0.2 0 0.2 0.4

Effect on corrosion

Figure 5 18 Normal probability plot showing the effects of the main facters
energy, Bdose and &urface roughness and their interactions.

The probability plot in Figure-48 shows that the effects of implantation dose (B)
as well as its interaction with energy (AB) and surface roughness (ABC) lay on a
straight line. This means that these parameters were statistically unimportant for
this study. Parameters that seemed to be of statistical significance were energy
(A), surface roughness (C) and their interaction (AC) as well as that of dose and
surface roughness (BC). As shown in Figw#s5 the effects of these parameters

did not fit reasondly well on astraight line.
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Table 5 3 Analysis of the effect of the parameters energy (A), dose (B) and surface roughness (C) and their interaction

corrosion of ruthenium implanted 304L stainless steel in 1 M sulphuric adid. ¥&iance, all values expressed ta .

Sample A B C AB AC BC ABC 0 *§2
1] (+1) (-1) (+1) (-1) (+1) (-1) (-1) 0.893 0.165
2| (+1) (+1) (-1) (+1) (-1) (-1) (-1) 0.453 0.060
3](-1) (+1) (-1) (-1) (+1) (-1) (+1) 0.515 0.078
4| (+1) (+1) (+1) (+1) (+1) (+1) (+1) 0.188 0.022
5| (+1) (-1) (-1) (-1) (-1) (+1) (+1) 0.191 0.010
6| (-1) (-1) (+1) (+1) (-1) (-1) (+1) 0.300 0.025
71(-1) (-1) (-1) (+1) (+1) (+1) (-1) 0.215 0.003
81 (1) (+1) (+1) (-1) (-1) (+1) (-1) 0.062 0.005

x o4 1.725 1.218 1.443 1.155 1.811 0.655 1.193

x o4 1.092 1.599 1.374 1.661 1.006 2.161 1.623

o9 0.431 0.304 0.361 0.289 0.453 0.164 0.298

o4 0.273 0.400 0.343 0.415 0.251 0.540 0.406

Effect 0.158 -0.095 0.017 -0.126 0.201 -0.376| -0.107
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Analysis of the effects of energy and surfaceghness is presented in Figurd®%

From Figure 519(a) it can be seen that increasing implantation energy from 50 keV
(coded-1) to 160 keV (coded +1), caused an increase in corrosion rates. This is
consistent with the expectation that at high implaomteenergy, the ruthenium would be
distributed deep in the substrate making it less accessible for corrosion protection. In
addition, higher implantation doses were associated with larger surface damage (Figure
5-3(b)), and therefore higher susceptibilibycorrosion attack.
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Figure 5 19Effect of (a) energy (A), and (b) surface roughness (C) on the corros
rate of ruthenium implanted 304L stainless steel in 1 M sulphuric acid.

The effect of surface roughness on corrosion was very slight as can be observed in
Figure 519(b). Increasing surface roughness only caused a 5% increase in corrosion
rate. While the increase in corrosion rate with surface roughness was expected
(Melchers& Jeffery 2004; Li & Li 2006), the increase was not as much as observed in

Figure 47 where increasing surface roughness increased corrosion rates by at least

300%. These results point to (1) a possible smoothening effect caused by the ion
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implantation proess (Bunker & Armini 1994), and (2) the effectiveness of ruthenium in

Improving corrosion resistance.

Interactions AC and BC were disordinal in nature, as seen by the intersections of the
graphs in Figure 20. This indicates that theffects of energy ah dose on the
corrosion resistance of ruthenium implanted 304L stainless steel steyrgly

dependat on surface finish of the substrate-pos implantation.
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Figure 5- 20Interaction graphs for the effects @) energy and surface (AC), ar
(b) dose and surface roughness (BC) on the corrosion rate of rutheniun
implanted 304L stainless steel in 1 M sulphuric acid.
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In Figure 520(a), increasing both implantation energy and surface roughness had the
effect of ncreasing corrosion rates of the modified stainless steel. The results are in
agreement with theollowing: (1) at high implantation energy, ruthenium distribution is
deeper in the substrate, (2) rough surfaces are generally prone to high corrosion rates,
and (3) high implantation energies are assediatith larger surface damage. However,

increasingmplantation enegy on polished surfacesused a decrease in corrosion rates
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in 1 M sulphuric acid. The decrease wasrginal when compared to decreasing

implantation energy on rough samples.

Simultaneously increasing dose and surface rougHedds decreasedorrosion rates.

As can be seen in Figure2®(b), increasing implantation dose fromt4® 10" Ru/cnf

on rough surfaces (coded +1) increased carrosesistance by a facter4.5. Whileit

was expected that increasing implantation dose would increase ruthenium concentration
in the surfacdayerand thereforemprovecorrosion resistance, a similar effect was not
anticipated with increasing surface uwghness. On polished surfaces, increasing
implantation dose hathe opposite effect. As shown in Figure28(b), increasing dose

on these surfaces increased corrosion rates by as much as 138%. This behaviour was

contrary to expectation.

Interaction of effets takes precedence over the effect of individual main parameters
(Barrentine 1999), i.e. in this study, the effects in Figug® Svere more important than
those in Figure 9. The objective of this study was to reduce corrosion rates of 304L
stainlesssteel. Looking at Figure-80, it can be concluded that low corrosion rates are
achievable under two conditions: (1) low implantation energy, and rough surfaces
(Figure 520(a)), and (2) high implantation dose, on rough surfaces (FigRo¢).

An extrac¢ of Table 53 presented in Figure-Bl shows several combinations of these
conditions. Sample number 8 satisfied the two conditions, and its average corrosion rate
ch conf or-isTherefore, t h e

was a O0.06

further stidy was focused on understanding the effect of surface roughness and dose, as

mm/ vy,

whi

well as optimising these for best corrosion resistance.

Sample A B C
1] ¢ &) v
2| 1) IR
sl v oY |y
4| 1) en v v
5| 1 &) D
sl v ¢ v
N v | &)
slcn vV len vV |en v

Figure 5- 21 Combinations of the conditions that can give the lowest corrosion rat
ruthenium implanted 304L stainless steel in 1 M sulphuric acid.
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5.2.3Effect of surface roughness

Surface stresses

lon implantation is associated with the generation of surfaesss&s, and for austenitic

stainless steels with, stress induced transformations to form corrosion susceptible phases

such as martensite and ferrite (Pelleiter et al. 1999; 2001, Picard et al. 2001; Dudognon

et al. 2008; Padhy et al. 2010). In the presenk, the effect of surfaces roughness on

the stresses generated in 304L stainless steel during ruthenium implantation were
studied usingtheSlp met hod. The resul t-2amB28. present e

It is immediately clear from Figure®2 thathe sl opes pfptotes UOf os &i
samples studied were negative, suggesting that the nature of the stresses generated were
generally compressive. These results are consistent with the expectation that the
impinging ruthenium ions would have agning effect on the substrate surface, and are

in agreement with those reported by previous researchers (Pane & Speriosu 1987). In
addition, Figure 22 shove that the gradiest becameincreasingly positivewith

reduction in surface roughness. This suggests that the stresses generated because of ion
implantation became increasingly tensile with reduction in surface roughness shown in
Figure 523.

Comparing the results in Figure22 and Figure 23 with these reported in Figures%

and 41 0 , reveal ed severyl pebtectfor (hep ThepUe
grit became linear after ion implantation, witf Walues increasing from 0.71 to 0.99,

and (2) the grady epl e tased forrthhrerigh) sampse, bati n
decreased for the polished samples after ion implantation. This implies that ion
implantation induced different forms of stress depending on the surface finish of the
sample, andhat ion implantation caused less amorphisatibthe rough surfaces. For

rough surfaces, the process induced larger compressive stresses whereas it induced
tensile stresses in the polished surfaces. The stresses induced on polished surfaces
increased r o 758 -479 MPa after ruthenium implanit.
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Figure 5 23 Residual stresses in ruthenium implanted 304L stainless steel
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Figures 524 and 525 show the AFM analysis & 5 2804L surfaces before and after
ruthenium implantation. The samples were prepared at 50 keV and 160 keV using a
dose of 1& Ru/cnf.

As can be seen from these figures, the ion implantation process did influence the surface
roughness of the stainless steel substrate. This was consistent with observations by other
researchers (Braceras et al. 2007; Dudognon et al. 2008; Xu et al. 20d3f5 a
consequence of the removal of surface material by sputtering. It is apparent that
ruthenium implantation increased the roughness of initially polished samples, but
decreased the roughness of initially rough stainless steel samples. In addisen, the
effects were enhanced by increasing implantation energy from 50 keV to 160 keV.
These observations suggest that the sputtered depth due to ruthenium implantation was

dependent on both pimplantation surface finish and implantation energy.

124



()

(b)
Figure 5- 24 Effect of implantation energy on surface roughness of initially polish
304L stainless steel: (a) polished sample before implantation, (b) after implantati
50 keV, and (c) after implantation at 160 keV. Implantation dose"&Rui@'cnd.

i —

(b) ©
Figure 5 25Effect of implantation energy on surface roughness of initially ground
304L stainless steel: (a) rough sample before implantation, (b) after implantation ¢
keV, and (c) after implantation at 160 kéMplantation dose = 1§ Ru/cn.
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Sputtered depth can be related to sputtering yMldy Equation 51 (Nunogaki et al.
1989), wheréA is the implanted ared\ the atomic density of the implanted materkal,
the implanted dose, ardlis the mean sputtered depth as defined by Equat®ni®

Equation 52, d; is the average depth in the analysed section.

y = Ag'\' Equation 5-1
1.0

d= Ha d Equation 52
i=1

In this work, R, values obtained via AFM analysis before and after ruthenium
implantation were used to charactergen Equation 52, and generate the graph in
Figure 526. The graph confirms that sputtering yield was larger from rough surfaces;
especially those implanted using high implantation energy. From Equati@n iR is

clear that the maximum transferable gyeduring ion implantation is a direct function

of the energy of the implanted ions. Thus, it was plausible to anticipate sputtering yield
to increase with increase in implantation energy. However, the observed trend
concerning surface roughness was caoytta expectation. Previous researchers (Mattox
1998; Smentkoski 2000) showed that sputtgield generally decreased with increase

in the roughness of a target.
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Figure 5- 26 Energy dependence of mean sputtered depth onniutnemplanted 304L
stainless steel.
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Corrosion rates

Samples with different surfaces were prepared by ion implanting wittRugcnt at 50

keV. These samples were exposed to 1 M sulphuric acid, and potentiodynamically
polarised at 0.5 mV/s. Corrosion parameters extrapolated from the measured curves are

presented in Figure-87.

The results obtained confirm the findings of the DOE wimeesented in Section 5.2.2,
confirming that rough samples implanted as 50 keV arld Ro/cnt performed better

than polished samples prepared under the same conditions. They also showed that (1)
increasing surface roughness beyond merely grinding ergl bhasting, did not
necessarily effect change in corrosion performance, and (2) foregoing surface
preparation pre implantation resulted in corrosion rates as high as those of unmodified

304L stainless steel.
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Figure 5- 27 Effect of siface preparation on corrosion potential, andrrosion rates
of ruthenium implanted 304L stainless steel in 1 M sulphuric acid.

5.2.4 Effect of dose

Stress and concentration
Routine XRD measurements were done on rough samples (120ngignted with
doses ranging from 16to 10"° Ru/cnf, and the results are presented in Figu28&nd

Table 54. Strain in Table 8 was calculated with reference to-raseived 304L

stainless steel in Figure8!
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Figure 5- 28Influence of implantation dose on Bragg angle of ruthenium implant
304L stainless steel. Samples were rough, and implantation energy was 50 keV

the (111) and (200) peaks are shown.

Table 5 4 Dose dependence of lattice parameter and strain in ruthenium impla
304L stainless steel. Values expressed to 4 s.f.

Dose Bragg d spacing Lattice .
Ru/cm? Peak angle A) parameter Strain
@) A
As received 111 51.97 2.043 3.538 -
304L 200 60.64 1.773 3.5%6 -
111 51.30 2.067 3.58L -0.01194
10 200 60.02 1.789 3.5 -0.00925
111 51.09 2.075 3.5% -0.01573
10" 200 59.81 1.795 3.590 -0.01243
111 50.54 2.097 3.6 -0.02572
10'° 200 59.10 1.815 3.630 -0.02313

As observed in Figure-88, increasing dose had the notable effect of shifting the Bragg

angl es

shiftedf r o m

of t he
a 51.

(111)

3A

for

and

(200)

peaks

t o

implanted with 1&° Ru/cnf. This is consistent with (1) an increase in compressive

surface stresseand (2) an increase in the concentration of ruthenium in the lattice of

t he

st ai

nl ess

steel

The

f err iha tegh (16 1 0)

Ru/cnf), suggesting a deviation in crystallographic orientation. Dudognon and

colleagues (2008) reported similar behaviour when 430 stainless steel was implanted

with 3 x 10° Ag/cn.
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Strain induced by the implantation process was calculted Equation3-4, and
presented in Table-%. The variation in strain suggests that residual stresses became
increasingly compressive with increase in dose. Increasing implantation dose at constant
energy entails increasing implantation time as showngunakon 53, wherel is the

beam current; the implantation timeA the beam scanning area anthe elementary
charge (1.6 x 1® C). This means that for the higher ruthenium dose, more time was
spent bombarding the stainless steel substrate, resintilagger compressive surface

stresses.

It :
Dose=— Equation 53

gA
As expected, lattice volume expansion increased with increase in ion impladtagizn
The relative lattice expansion due to introducing ruthenium in the austenite lattice was
in the range of 0.9 to 1.2%, and 2.4 to 2.7% for the samples implanted WitantD
10 Ru/cnf respectively.

Surface sputtering
AFM images of 304L stainlessteel before and after implantation at*41@nd 16°
Ru/cnf are presented in Figures28 and 530.

Figures 529 and 530 suggest that at high dose ¥1&u/cnf), the surfaces became
smoother for the initially rough surfaces, but did not seem to influesnctace
roughness of initially polished samples. The mean sputtered depth was calculated as per
Equation 52, and presented in Figure33. It is apparent that mean sputtered depth
increased with increasa idose, implying that sputtetield increased wit dose. This

was consistent with results reported by Nunogaki et al. (1989).
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(b) ©)

Figure 5 29 Effect of implantation dose on surface roughness of initially polished .

stainless steel: (a) polished sampkfore implantation, (b) after implantation with*£C
Ru/cnf, and (c) after implantation with $0Ru/cnf. Implantation energy = 50keV.

(b) (c)
Figure 5- 30 Effect of implantation dose on surface roughness of initially polished :
stainless steel: (a@pughsample before imglantation, (b) after implantation wit*10
Ru/cnd, and (c) after implantation with $0Ru/cnf. Implantation energy = 50keV.
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Figure 5 31 Dose dependence of mean sputtered depth on ruthenium implanted
stainless steel.

Comparing Figure 29 to 531 with Figures 824 to 526 revealed that increasing dose
had almost the same effects on sputtgield from rough surface as increasing
implantation energy. In both cases, increasing dose and increasing energy caused an
80% and 79% change in surface roughness respectWalyhe other hand, increasing
dose semed to cause higher sputtgeld on poished surfaces than increasing
implantation dose. Increasing implantation dose t6 Rd/cnf caused a 90% change in

surface roughness, compared to & 8% caused

Corrosion rates
Ruthenium implanted 304L stainless steel samples weneam@ at 50 keV, and
different implantation doses, before being exposed to 1 M sulphuric acid. Corrosion

rates estimated from potentiodynamic polarisation tests are presented in F3Qure 5

It is clear that increasing implantation dose incredbedcorrosion resistance of the
ruthenium implanted 304L stainless steel. Corrosion potential increased with dose,
consistent with the principles of cathodic modification, and observations by other
scholars Potgieter& Brookes 1995; Olubambi et al. 2009; Sherifl2D. Corrosion

rates decreasddr om an aO2émnaype sames ignplanted with ®u/cn?

to about 0.008nm/y for sampleprepared with 18 Ru/cnf. This was consistent with

the expectation that increasing implantation dose would increaseamoeint of

ruthenium accessible for participation in corrosion processes.
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However, increasing dose from' @ 10° Ru/cntf seemed to cause a small change in
corrosion rate. In fact, such an increase in dose only calsmat 12% decreadsa
corrosion ratesThere is a limiting concentration associated with ion implantation, and
the effect is most significant for heavy elements such as ruthenium and other PGMs that
typically have large sputtering coefficients (Bunker & Armni 1994). This limiting
concentratia limit is reached when there is a steady state in which the rate of material
removal by sputtering matches the rate of material addition by ion implantation. It is
likely therefore, that increasing implantation dose beyond R@/cnf would not be

necessaly beneficial for corrosion resistance of 304L stainless steel.
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Figure 5 32 Influence of implantation dose on (a) corrosion potential, and (b)
corrosion rate of ruthenium implanted 304L stainless steel in 1 M sulphuric aci
Samples were rough and implantation energy was 50 keV.

One way of increasing the surface concentration of implanted elements without

increasing dose or implantation costs is to tilt the substrate, and affecting beam
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incidence angle. Titling the substrate would minimise the effects of channelling, reduce
depth of penetration (Chang & Ameen 2011), and therefore increase the surface
concentration of the ruthenium. For the present work, the 304L stainless steel substrate

was tilted by 7°.

XRD measurements done post ion implantation are presented in FigiBe IGis
immediately clear that tilting the 304L stainless steel sample by 7° had numerous effects

on the diffractograms.
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Figure 5 33 Effect of sample orientation on the Bragg angle of ruthenium implan
304L stainless steel. Samples were rough, and implanted wiRa@n? at 50 keV.

Titling the stainless steel substrate increased the Bragg angle to highey fralue d

& 5°0for the sample oriented at 0°, to about 51.5°, which is approximately equal to

that of unmodified 304L. This seems to suggest that either negligible stresses were
induced inthe substrate during ion implantation, or less ruthenium was successfully
implanted into the surface resulting in only a slight change in the lattice voluise.

also likely that tilting the stainless steel aligned the incident angle of the ruthenium ions

with the channelling direction, and increadesito values much greater thdr3 nm

predicted in Figure 2. In addition, tilting the stainless steel substrate led to the
reappearance of the ferrite (100) at 2d a 5

Post XRD analysis, the samples were exposed to 1 M sulphuric acid, and polarised
potentiodynamically. The resultgbtained are presented in Figure84b and 535.
Immediately clear from the potentiodynamic polarisation curves in Fig@reveas the
absence of the anodic peak typical of 304L stainless steel in 1 M sulphuric acid (Figure

4-11). This is consistent withnstant passivation associated with the presence of
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ruthenium, similar to the behaviour noted by other schoRwosg(eter& Kincer 1991,
Olubambi et al. 2009) on stainless steel with at least 0.1 wt% ruthenium. Changing the
orientation to 7° shiftethe airve downwards and to the righndicative of increased
tendency to corrode. Examination of the corroded surfaces in FigBbecbnfirmed

this. Images of the polished samples were added to show repeatability.
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Figure 5- 34 Effect of sample orientation on potentiodynamic polarisation curve
ruthenium implanted 304L stainless steel in 1 M sulphuric acid. Samples were r
and implanted at 50 keV with *fRu/cnf.
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Polished

Rough

Figure 5 35 FESEM images of the ruthenium implanted 304L stainless stee

exposure to 1 M sulphuric acid showing effect of sample orientation on corros

Corrosion rates extrapolated from the potenti@inic curves in Figure-34 were

comparedwith the ruthenium distributionas determined by SRIM simulation. The
results obtained are presented in Tabfe 5

Table 5 5 Effect of sample orientation on the ruthenium distribution and average
corrosion rate of rougy ruthenium implanted 304L stainless steel. Ruthenium

distribution was determined by SRIM simulation.

Sample orientation

0° 7°
lon range (A) 132 133
Lateral straggle (A) 59 58
Skewness 0.58 0.556
Kurtosis 3.212 3.176
Corrosion rate (mm/y) 0.0® 0.084

Projected range for the 0 and 7° orientations was 13.2 and 13.3 nm respectively. A more

positive skewness was reported on the sample with 0° orientation, confirming that the

peak concentration of ruthenium was closer to the surface. Furthermore, Kuatasis v

for this sample was more positive, pointing to a longer tail of the Gaussian distribution

135




























































































































































































































































































































































































































































































































